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The (de)hydration process and the amount of hydrated sediment carried by the 
downgoing oceanic plate play a key role in the subduction dynamics. The deformation and 
(de)hydration of the downgoing tectonic plates, as well as the seismic, tsunami, volcanic hazards, 
in Cascadia and the New Zealand regions are not fully understood, partly due to a lack of 
combined studies of onshore and offshore data. In order to address these questions, we developed 
a 3-D high-resolution shear wave velocity model beneath Cascadia, the North and the South 
Islands of New Zealand, extending from offshore to onshore, with the use of full-wave ambient 
noise tomographic method and joint inversion with active seismic data. We extracted the 
empirical Green’s functions from continuous seismic records on the vertical components between 
each station pair that provide high-quality Rayleigh-wave signals at periods of 4-50 s for 
Cascadia and 5-150 s for the New Zealand. We simulate wave propagation using finite-difference 
 
vii 
method to generate station Strain Green’s Tensors and synthetic waveforms. The phase delays of 
Rayleigh waves between the observed and synthetic data are measured at multiple period ranges. 
We then invert for the velocity perturbations from the reference model and progressively improve 
the model resolution.  
Our tomographic imaging shows many regional- and local-scale low-velocity features, 
which are possibly related to slab (de)hydration from the oceanic plate to the overriding plate. 
Moreover, seismic lows atop the plate interface beneath the forearc, indicating fluid-rich 
sediments subducted and overthrusted at the accretionary wedge. Furthermore, high shear wave 
velocity patches at the depths of 35-100 km beneath South Island of New Zealand, indicating the 
Pacific slab being segmented due to stretch during initiation of plate margins and due to current 
plate motions. Finally, the relatively low shear wave velocities at 100- 200 km depth beneath the 
South Island of New Zealand, indicating possible asthenospheric upwelling. Our full-wave 
tomographic models provide new constraints on our understanding of plate deformation, 







Chapter 1  
             Chapter one has been published in the Journal of Geophysical research: Solid Earth 
(2017) with coauthor Haiying Gao. This manuscript aims to develop crustal-scale shear wave 
velocity model from trench to forearc in the Cascadia subduction zone. Our finer-scale high-
resolution shear velocity model images plausible fluid cycling pathways, especially from the JdF 
slab to the shallow continental crust, which can significantly contribute to our understanding of 
fluids/melt migration pattern at shallow level in the subduction system.    
 
Chapter 2  
             Chapter two has been published in the Seismological research letters (2018) with 
coauthor Haiying Gao. This manuscript aims to analyze high-frequency seismic waveforms from 
two active-source experiments within the Juan de Fuca plate, and evaluate the data quality. Our 
analysis shows that the quality of the air-gun shot recordings varies from deep to shallow water 
and from offshore to onshore. We provide a three-dimensional distribution of the sediment 
thickness, extending from the ridge to the continental margin within the entire JdF plate.  
 
Chapter 3  
             Chapter three has been submitted to the Journal of Geophysical research: Solid Earth for 
intending to publish in future with coauthor Haiying Gao. This manuscript aims to analyze and 
compare the ambient noise recordings in three geographic locations, including the Cascadia 
subduction zone, the Eastern North American Margin (ENAM), and the South Island of New 
Zealand. Our analysis shows that the seismic array located off the coast of the South Island of 
 
ix 
New Zealand has the highest data quality in comparison with the Cascadia and ENAM arrays. 
The distribution patterns in data quality among the Cascadia, ENAM, and New Zealand regions 
reflect the fundamental difference in ocean wave climate between the northern and southern 
oceans, as well as the interaction between the ocean waves and the coastal margins. 
 
Chapter 4  
             This chapter investigates the crustal and uppermost mantle shear wave velocity structures 
beneath the onshore and offshore New Zealand to understand the deformation and (de)hydration 
of the tectonic plates, as well as the seismic/tsunami/volcanic hazards, in New Zealand region. In 
this study, we developed a 3-D high-resolution shear wave velocity model beneath the North and 
South Islands of New Zealand, extending from offshore to onshore, with the use of full-wave 
ambient noise tomographic method. Our tomographic results delineate few distinct features, 
including (1) Low shear wave velocities beneath the volcanic fields indicating shallow magma 
reservoirs, (2) Seismic lows atop the plate interface beneath the North Island forearc, indicating 
that fluid-rich sediments subducted and overthrusted at the accretionary wedge, (3) Low shear 
wave velocities within and above the subducted Pacific oceanic crust, beneath Marlboro fault 
zone, and beneath the Murchison basin area, indicating dehydration of the Pacific slab, (4) High 
shear wave velocity patches at the depths of 35-100 km beneath South Island, indicating the 
Pacific slab being segmented, and (5) Relatively low shear wave velocities at 100-200 km depths 
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CRUSTAL-SCALE SEISMIC STRUCTURE FROM TRENCH TO FOREARC IN THE 
CASCADIA SUBDUCTION ZONE 
 
1.1 Abstract  
The (de)hydration process and the amount of hydrated sediment carried by the 
downgoing oceanic plate play a key role in the subduction dynamics. A high-resolution shear 
velocity model from the crust down to the uppermost mantle, extending from trench to forearc, is 
constructed in the northern Cascadia subduction zone to investigate seismic characteristics related 
to slab deformation and (de)hydration at the plate boundary. A total of 220 seismic stations are 
used, including the Cascadia Initiative Amphibious Array and inland broadband and short-period 
stations. The empirical Green’s functions extracted from continuous ambient noise data from 
2006-2014 provide high-quality Rayleigh-wave signals at periods of 4-50 s. We simulate wave 
propagation using finite-difference method to generate station Strain Green’s Tensors and 
synthetic waveforms. The phase delays of Rayleigh waves between the observed and synthetic 
data are measured at multiple period ranges. We then invert for the velocity perturbations from 
the reference model and progressively improve the model resolution. Our tomographic imaging 
shows many regional- and local-scale low-velocity features, which are possibly related to slab 
(de)hydration from the oceanic plate to the overriding plate. Specifically, we observe (1) NW-SE 
oriented linear low-velocity features across the trench, indicating hydration of the oceanic plate 
induced by bending-related faultings; (2) W-E oriented fingerlike low-velocity structures off the 
continental margins due to dehydration of the Juan de Fuca plate; and (3) Seismic lows atop the 
plate interface beneath the Washington forearc, indicating fluid-rich sediments subducted and 




The chemically and physically bound water within the downgoing oceanic plates is 
subducted into the deep mantle at subduction zones [e.g., Moore and Vrolijk, 1992; Ranero et al., 
2003; Nedimovic et al., 2009]. The stored water is released via a series of dehydration reactions at 
greater depths where the pressure and temperature are higher. The amount of water plays a 
significant role in the production of partial melts for arc magmatism [e.g., Tatsumi and Eggins, 
1995; Kirby et al., 1996; Ruscitto et al., 2012; Ribeiro et al., 2015] and reduction of the mantle 
viscosity [e.g., Hirth and Kohlstedt, 1996; Jung and Karato, 2001], which would affect many 
tectonic processes, such as mantle convection, plate tectonics, and long-term chemical and thermal 
evolution of the earth [e.g., van Keken et al., 2011]. Moreover, the water associated with slab 
dehydration can induce intraslab earthquakes at intermediate depths due to changes in the 
mechanical characteristics of the interplate interface [e.g., Nedimovic et al., 2003; Kodaira et al., 
2004; Nedimovic et al., 2009], which is significant for seismic hazard studies [Faccenda et al., 
2012; Nedimovic et al., 2009]. However, when and where slab dehydration occurs around the 
trench and forearc regions is not well understood at subduction systems.  
 
With a relatively young and thin slab and presumably shallow dehydration [van Keken et 
al., 2011], the subduction of the Juan de Fuca (JdF) plate beneath western North America 
represents an end member in the subduction zone system. The Cascadia Initiative seismic 
experiment provides us well-distributed offshore seismic data to investigate the shallow seismic 
structures and study (de)hydration-related processes at the Cascadia subduction zone (CSZ). In 
this study we construct a high-resolution three-dimensional shear-wave velocity model beneath 
the northern JdF plate from the crust down to the uppermost mantle using full-wave ambient 
noise seismic tomography. The key objective of this study is to identify seismic signatures related 
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to the JdF oceanic plate (de)hydration prior to and after subduction from trench to forearc in 
Cascadia.  
 
1.3 Tectonic Settings and Previous Studies 
The Cascadia subduction zone, a convergent plate boundary system, separates the oceanic 
Juan de Fuca and continental North American plates (Figure 1.1). The young, warm, and hydrated 
JdF plate moves northeastward toward the trench and is eventually subducted beneath the North 
American plate at a convergence rate of ~4.3 cm/year [McCaffrey et al., 2007], resulting in the 
downgoing slab highly deformed and dehydrated. 
 
Distribution of offshore sedimentary basins along the Cascade forearc was identified and 
mapped using gravity data by Wells et al. [2003]. Most of the accretionary wedge lies offshore, 
except at the Olympic Peninsula where it extends further landward [Brandon et al., 1998; Flueh et 
al., 1998]. Beneath the Olympic Peninsula, a low-velocity feature, extending down to 30 km 
depth atop the plate interface, has been imaged by Calkins et al. [2011] and Gao et al. [2011] 
using ambient noise seismic tomography and Calvert et al. [2011] using regional earthquakes and 
active seismic data. Calvert et al. [2011] and Gao et al. [2011] interpret this low-velocity feature 
as subducted and overthrusted sediments within the accretionary wedge. Controversially, Calkins 
et al. [2011] interpret this low-velocity feature as a highly porous, fluid rich lower crust, which 
was hydrated due to the dehydration of the JdF plate.  
                   
There are four major andesitic stratovolcanoes along the active Cascade magmatic arc 
within our study region (Figure 1.1), including Mount Rainier, Mount St. Helens, Mount Adams, 
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and Mount Hood. Detailed seismic velocity structures have been imaged beneath all the 
volcanoes except Mount Hood using active source seismic and magnetotelluric studies [e.g., Hill 
et al., 2009; McGary et al., 2014; Kiser et al., 2016].  Multiple magma reservoirs are observed 
within the upper 40 km depth beneath Mount St. Helens and Mount Adams [Hill et al., 2009; 
Kiser et al., 2016], which indicate the presence of water-rich fluids and partial melts derived from 
the continental crust, the subducting slab, and the mantle wedge. The magnetotelluric study 
beneath Mount Rainier [McGary et al., 2014] clearly illustrates the propagation path of 
fluid/melts from the plate interface downward to the mantle wedge and upward to the surface.   
        
The seismic velocity structures beneath the Seattle, Everett, and Tacoma sedimentary 
basins have been studied using gravity, seismic reflection profiling, and regional earthquake data 
analyses [e.g., Brocher et al., 2001; Ramachandran et al., 2006; Calkins et al., 2011; Calvert et al., 
2011; Delorey and Vidale, 2011]. These large sedimentary basins are dominated with west to 
northwest trending low seismic velocities [Brocher et al., 2001] down to 10 km depth with shear 
wave velocities varying within 2.0 - 3.6 km/s [Brocher et al., 2001; Ramachandran et al., 2006; 
Calkins et al., 2011]. These sedimentary basins are located above the regions where the slab tends 
to dehydrate and densify, suggesting that a higher rate of slab sinking resulted in the thick 
accumulations of sediments [Ramachandran et al., 2006].   
 
In comparison to the numerous onshore studies in the Cascades, only a few recent studies 
have been performed to investigate the offshore seismic characteristics [e.g., Wells et al., 2003; 
Nedimovic et al., 2009; Riedel et al., 2010; Wang et al., 2013; Ruan et al., 2014; Bell et al., 2015; 
Gao and Shen, 2015; Trehu et al., 2015; Gao, 2016; Han et al., 2016; Horning et al., 2016; Wang 
et al., 2016]. Using active seismic analysis, Nedimonvic et al. [2009] suggest that bending-related 
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faultings within the JdF plate extend up to 200 km seaward from the trench and are mainly 
limited within the crust, providing pathways for fluid transport and hydration in the oceanic crust. 
Recent work by Han et al. [2016] shows that the bending-related faults are restricted within the 
oceanic crust along the Washington margin, in agreement with Nedimonvic et al. [2009]. 
Nevertheless, Han et al. [2016] demonstrate that faults offshore the Oregon margin cut through 
the crust and extend into the upper mantle, resulting in a higher potential for crustal alteration and 
mantle serpentinization than beneath the Washington margin.  
 
Horning et al. [2016] estimate the amount of water carried within the JdF oceanic plate 
from the ridge to the trench. They find that prior to entering into the subduction zone, most water 
is stored in the oceanic crust. At the deformation front, most water in the upper mantle is released 
from the slab to the shallow depth and only a small portion of water is carried deeper down to the 
upper mantle. Dehydration of the subducting slab and consequent serpentinization within the 
upper mantle wedge have been suggested by many previous seismic observations [e.g., Bostock 
et al., 2002; Brocher et al., 2003; Blakely et al., 2005; Audet et al., 2009; Nedimonvic et al., 
2009; Audet et al., 2010; Han et al., 2016; Hansen et al., 2016; Horning et al., 2016]. For 
example, it is proposed that slab-derived fluids result in the occurrence of episodic non-volcanic 
tremors and slow slip events along the plate interface [e.g., Dragert et al., 2001; Rogers and 
Dragert, 2003; Audet et al., 2010; Katayama et al., 2012]. Kao et al. [2005] argue that 
dehydration reactions result in the interslab seismicity located at intermediate depths. Low shear-
wave velocity in the forearc mantle from teleseismic waveform inversion suggests that the forearc 
region is highly hydrated and serpentinized due to slab dehydration [Bostock et al., 2002; Audet 




Distribution of the sediments within the JdF plate varies along strike with the northern 
area fully covered with thick sediments and a considerable decrease to the south [Horning et al., 
2016], which significantly affects the seismic velocity structure in the uppermost crust. Ruan et 
al. [2014] and Bell et al. [2015] estimate the shear wave velocity of abyssal plain sediments in 
Cascadia by taking the ratio of vertical displacement to pressure variations of the Rayleigh waves. 
They find that the shear wave velocity varies on the order of 0.1-1.0 km/s within the sedimentary 
layer with thickness of 0.1-1.4 km, resulting in shear wave delays of 0.5-2.0 s. On the other side, 
near the ridge axis a large velocity increase was observed where the sediment coverage is thick 
[Nedimovic et al., 2008]. This may be a result of fluid circulation in the highly permeable oceanic 
upper crust [Davis et al., 1997] that increases alteration and mineral precipitation with sediment 
coverage [Nedimovic et al., 2008]. Spatial variation in the crustal velocities suggests a greater 
level of hydration in the upper crust in the north compared to the south along the plate [Horning 
et al., 2016].   
 
The subduction system is thus an ideal location to study water cycling within the oceanic 
lithosphere and overlying sediments prior to and after the subduction of the oceanic plate, which 
motivates this study. Most previous studies in the Cascadia subduction zone focus on a broad 
scale covering the entire oceanic plate [e.g., Wells et al., 2003; Nedimovic et al., 2009; Ruan et 
al., 2014; Bell et al., 2015; Gao and Shen, 2015; Gao, 2016; Han et al., 2016; Horning et al., 
2016]. However, a fine-scale seismic velocity model is needed to understand the seismic 
signatures related to (de)hydration in the JdF plate prior to and after subduction.  Here we 
develop a crustal scale shear wave velocity model in the CSZ using ambient noise data from the 
Cascadia Initiative offshore seismic deployment and simultaneous onshore seismic networks. The 
combination of offshore and onshore data, including both short-period and broadband seismic 
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stations, provides us an excellent opportunity to construct a high-resolution velocity model from 
the trench to the forearc.  
 
Gao [2016] constructs a plate-scale shear wave velocity model covering the entire JdF 
and Gorda plates using a joint inversion of ambient noise data and regional earthquakes. This 
study differs from the work by Gao [2016] in a few ways. First, the surface wave signals 
extracted from ambient noise are at periods of 4-50 s in this study and 10-50 s by Gao [2016], 
respectively. Inclusion of short-period waveforms (4-8 s, 6-12 s, and 9-15 s) allows us to resolve 
the shallow crustal structure with high resolution. Secondly, Gao [2016] constructs a shear-wave 
velocity model extending from the spreading centers to the Cascade backarc from the crust down 
to ~ 60 km depth. The minimum horizontal dimension that can be resolved is about 65 km. In this 
study we focus on the shear-wave velocity structure from trench to forearc at 5-35 km depths with 
a much finer horizontal dimension. 
 
1.4 Data and Methods 
The steps of full-wave ambient noise tomography include extraction of empirical Green’s 
functions (EGFs) from continuous ambient noise data, finite-difference wave propagation 
simulation, measurement of phase delays between observed and synthetic waveforms, calculation 
of sensitivity kernels, and tomographic inversion for velocity perturbations. These steps are fully 
described by Gao and Shen [2012, 2014] and are only briefly summarized here. 
1.4.1 Extraction of empirical Green’s functions  
In order to extract EGFs between each station pairs, we process the vertical component of 
continuous seismic data of 220 stations recorded during the period of January 2006 to December 
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2014 (see Figure 1.1 for station locations). About 70 of these stations are the ocean bottom 
seismometers from the Cascadia Initiative community experiment (7D) and the Neptune Canada 
(NV). The inland stations are from several seismic networks, including the EarthScope US 
Transportable Array (TA), the Pacific Northwest regional seismic network (UW, both short-
period and broadband stations), the Cascadia arrays for EarthScope (XU), the Plate Boundary 
borehole observatory seismic network (PB), the Cascade chain volcano monitoring (CC), Flex-
array along Cascadia experiment for segmentations (YW), and the United State national seismic 
network (US). The UW short-period seismic stations in our study area significantly contribute to 
the density of the seismic stations used in wave simulation and inversion, and the availability of 
short-period surface waves to be extracted from the ambient noise data. All the seismic data are 
obtained through the Data Management Center of the Incorporated Research Institution for 
Seismology.  
 
Prior to the daily cross-correlation of the vertical-to-vertical components between each 
station pairs, we remove instrument response, resample the data into a uniform sample rate of 5 
points per second, normalize ambient noise data [Ekström et al., 2009; Shen et al., 2012], and 
remove time segments associated with large earthquakes (M>5.0). The EGFs are recovered as 
time derivatives of the stacked cross-correlations, which are primarily Rayleigh waves at the 
periods of 4 - 50 s (Figure 1.2). Here we assume that the EGF is a close approximation to the 
Green’s function of the Earth in terms of the phase arrival times. Gao and Shen [2014] have 
discussed how the non-uniform distribution of noise sources may affect the surface-wave 
amplitude and velocity. It has been shown that the non-uniformity of noise sources may 
significantly affect the surface-wave amplitude (Tsai and Moschetti, 2010), but not the velocity 
(Snieder, 2004). In general, we observe high-quality Rayleigh wave signals at longer period for 
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all the station pairs. At the shortest period (4-8 s), waveforms appear much noisier between OBS-
OBS and OBS-land station pairs compared to land-land station pairs.  
 
1.4.2 Finite-difference wave simulation and phase delay measurements 
We use a nonstaggered-grid, finite-difference method to simulate wave propagation in the 
3D spherical earth structure [Zhang et al., 2012]. A 2°x2° global upper-mantle shear-wave 
velocity model by Shapiro and Ritzwoller [2002] is chosen as our initial reference model. The 
depth range of this model is from the surface down to 400 km, with a depth spacing of 4 km. P 
wave velocity is obtained from shear wave velocity using a Vp/Vs ratio of 1.74 in the crust 
[Brocher, 2005] and the depth-dependent relationship of Vp and Vs of AK135 in the upper 
mantle [Kennett et al., 1995]. Density is calculated as a function of Vp [Christensen and Mooney, 
1995]. The horizontal grid spacing is set to be 1.0 km, and the vertical grid spacing is depth 
dependent, ~ 0.3 km near the surface and 1.4 km at 100 km depth. Such a model configuration is 
sufficient to accurately simulate wave propagation at periods greater than 4 s. To maintain the 
numerical stability of wave simulations, we use a time step of 0.06 s and run a total of 7500 time 
steps (that is, 450 s wave propagation time in terms of the longest distance between two stations). 
To calculate the synthetic Green’s functions, we use a Gaussian pulse with a half width of 1 s as 
the source-time function for numerical stability purposes. We then calculate the synthetic Green’s 
functions from each virtual source to all the other receivers.  
 
Prior to comparing the EGFs with synthetics, we split the EGFs into positive and 
negative time lags and convolve the EGFs with the source-time function to account for the finite-
frequency nature and initial time shift of the synthetic waveforms in wave simulation. To ensure 
high quality signals, the minimum signal-to-noise ratio (SNR) of EGFs is set as 5.0 and the 
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minimum cross-correlation coefficient between the EGFs and synthetics is set as 0.8 for inland 
station pairs. Considering that the Rayleigh wave signals between offshore station pairs are 
relatively noisier, we set the SNR to be at least 3.0 and the cross-correlation coefficient to be at 
least 0.5. Here the signal is defined as the maximum amplitude of the signal within the specified 
time window (defined by approximate wave group velocity) and the noise is referred as the 
maximum standard error of the mean of the monthly EGF within the same window. We then 
cross-correlate the EGFs with synthetics at multiple overlapped period bands, ranging from 4-8 s, 
6-12 s, 9-15 s, 10-25 s, 15-35 s, to 25-50 s. The number of measured phase delays varies from a 
few hundreds to a few thousands within different period bands. The corresponding ray path 
coverage maps between OBS-OBS, OBS-land, and land-land station pairs are provided in Figure 
1.S.1. It shows that integration of offshore and onshore stations greatly increases the ray path 
coverage within our study region. 
 
1.4.3 Calculation of sensitivity kernels and tomographic inversion 
The sensitivity kernels are calculated with the strain-Green-tensor based, scattering-
integral method [see examples in Figure 1.3 and Figures 1.S.2-1.S.3; Zhao et al., 2005; Chen et 
al., 2007; Zhang et al., 2007].  As shown, the effect of P-wave velocity perturbation on Rayleigh 
waves is stronger at shallow depths (that is, the top 15 km) compared to that of S-wave at all the 
periods. The surface waves are more sensitive to deep structures at longer periods and shallow 
structures at shorter periods. The phase travel time delay is the volume integration of the product 
of the sensitivity kernels and the velocity perturbations [Gao and Shen, 2014]. The Rayleigh-
wave phase delay time is thus solved using a joint Vp and Vs inverse problem with damping and 
smoothness constraints [Gao and Shen, 2014]. The best-fit smoothing and damping parameters 
are chosen from the tradeoff of the normalized chi-squared value and the model variance [Gao 
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and Shen, 2012]. The velocity model is then progressively updated after each iteration. In total we 
run 8 iterations to obtain our final shear-wave velocity model.   
 
The model resolution has been significantly improved compared to the initial reference 
model and the model by Gao [2016]. The synthetic waveforms generated with the updated model 
match the observed EGFs much better (see examples in Figure 1.4 and Figures 1.S.4 and 1.S.5). 
The phase delays between the observed and synthetic data as a function of inter-station distance 
are centered around zero and less scattered, with the standard deviation decreasing from 2.6 s to 
1.4 s, 3.1 s to 1.1 s, 2.1 s to 1.1 s, 2.8 s to 1.1 s, 2.5 s to 1.4 s, and 1.9 s to 1.4 s from the longest to 
the shortest period range, respectively (see Figure 1.5). Our improved velocity model 
demonstrates much stronger and sharper velocity variations compared to the initial reference 
model (see Figure 1.6).  
 
1.5 Interpretation of the Seismic Velocity Model 
We perform numerous 3D checkerboard resolution tests to validate the accuracy of our 
final shear-wave velocity model and to identify resolvable horizontal and vertical structure 
dimensions. The horizontal cell size varies from 30 km, 40 km, to 50 km, and the vertical cell size 
varies from 10 km to 40 km, with a maximum of 10% velocity perturbation (see Figure 1.7). 
The resolution tests show that the pattern and magnitude of the input checkerboard velocity 
variation can be well recovered at depths of 5-35 km for the 40-km horizontal dimension or 
greater within our study area. At greater depths, the checkerboard pattern can be recovered but 
the amplitude of the velocity perturbation is underestimated due to the limitation of the longest 
period used in our analysis and the damping and smoothing factors used in the inversion. And we 
are able to recover seismic features at 30-km horizontal scale from trench to arc at depths 
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shallower than 25 km (see the left column in Figure 1.7), due to the dense coverage of seismic 
stations and inclusion of short-period Rayleigh waves used in the wave simulation and inversion.  
 
Figure 1.8 illustrates examples of the vertical checkerboard resolution tests along 
Latitudes 47°, 46.5°, and 46°. The horizontal and vertical dimensions of the cells are 50 km and 
20 km, respectively, with a maximum of 10% velocity perturbation. The recovered patterns 
demonstrate that the minimum resolvable vertical cell size is about 20 km. Nevertheless, our 3D 
resolution test with the final velocity model as an input shows that the seismic structures smaller 
than the minimum resolvable checkerboard cell sizes can be fairly well recovered at depths of 5-
35 km (see Figures 1.S.6 and 1.S.7). 
 
The onshore shear-wave velocity structures resolved in this study demonstrate many 
features that are consistent with other previous studies (Figure 1.9). For example, we image low 
velocity anomalies beneath the Seattle, Tacoma, and Everett basins (three shaded light pink 
polygons in Figures 1.9a-1.9c) that are 20% - 30% lower than the surrounding regions, as 
observed by previous studies [e.g., Brocher et al., 2001; Calkins et al., 2011; Delorey et al., 2011; 
Ramachandran et al., 2006]. These low velocity anomalies extend down to 15 km depth with the 
horizontal dimensions of ~50 km by ~30 km along longitude and latitude, individually. The 
checkerboard resolution tests (Figure 1.7) indicate that the inferred low velocity anomalies 
beneath these three basins are well resolved. The high velocity anomalies (Vs ≥ 4 km/s) in the 
upper crust along the Cascade forearc (Figures 1.9a and 1.9b) are consistent with locations of 
accreted oceanic terranes observed in previous studies [e.g., Ramachandran et al., 2006; McCrory 




The Gao [2016] model is not used as our initial reference model in this study, allowing us 
to test whether our final tomographic imaging depends on the selection of the reference model. In 
fact, we do observe some similar but higher-resolution offshore features within the JdF plate as 
Gao [2016] (see model comparison in Figure 1.6). For example, we see the fast-to-slow velocity 
transition from the oceanic lithosphere to the continental crust across the trench at depths > 15 
km. A sharp shear wave velocity increase is imaged from the oceanic crust to the oceanic upper 
mantle, defining a clear oceanic Moho. In general, the shear wave velocity misfit between our 
preferred model and Gao [2016] is within ~0.4 km/s for the onshore area and is strongest at 
shallow depths for the offshore region (up to 1 km/s).  
 
More importantly, our tomographic imaging demonstrates some new features within the 
oceanic lithosphere that were not imaged in previous studies (Figure 1.9). Here we focus our 
discussion on the crustal and uppermost mantle structure, extending from the trench to the 
forearc, in the depth range that is best constrained by the ambient noise data (5-35 km). We 
attribute the high model resolution to the dense data coverage, a high-quality EGF dataset at 4-50 
s periods that is well suited for imaging the crust and uppermost mantle, and an advanced full-
wave tomographic method. More specifically, we will focus on the offshore shear wave velocity 
structures and the segmented low-velocity anomalies along the Cascade forearc, which are 
possibly related to slab (de)hydration from the oceanic plate to the overriding plate. The small-
scale features resolved in this study with dimensions smaller than the minimum resolvable 
horizontal and vertical cell sizes are required to match the observed data [Gao and Shen, 2015; 
Savage et al., 2017]. To demonstrate this, we show the improved match between the observed and 




A few factors, including temperature, presence of water/fluids, and partial melts, can 
significantly contribute to the reduction of the shear wave velocity. As shown in Figures 1.9 and 
1.10, the velocity reduction of our observed low velocity anomalies is up to 10% compared to the 
surroundings, which cannot be explained by temperature alone [Gao and Shen, 2014] even 
though Cascadia is relatively warmer compared to other global subduction zones [van Keken et 
al., 2011]. Moreover, van Keken et al. [2011] show that more than 80% water within the JdF slab 
is dehydrated at shallow depth.  Furthermore, we observe structural consistency between our 
imaged low velocity features and previously identified regions associated with water/fluids and/or 
partial melts  (see discussions beneath). This strongly suggests that presence of water/fluids 
and/or partial melts may significantly contribute to the low shear velocities imaged in this study.  
 
1.5.1 Offshore shear wave velocity structures  
The shear wave velocity model resolved with ambient noise seismic tomography in this 
study demonstrates distinct seismic features within the oceanic lithospheric domain. First, on the 
seaside of the trench axis, the tomographic imaging demonstrates strong low velocity features 
within the oceanic lithosphere, extending down to ~15 km depth. Two low-velocity zones, one 
nearly S-N oriented and the other one SW-NE oriented, align well with the locations of the 
propagator wakes or “pseudofaults” mapped by Horning et al. [2016] (black dashed lines in 
Figure 1.9a). The length and width of these two low velocity segments are about 120 km and 50 
km, respectively.  
 
Second, the seismic structure within the oceanic lithosphere demonstrates an alternate 
slow-fast-slow feature oriented in the NW-SE direction, which appears most distinct at depth of 
13 km and less obvious at depths greater than 20 km. The three sets of NW-SE oriented low 
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velocity features extend at least 400 km from the oceanic plate across the trench to the Cascade 
forearc (maroon dashed lines in Figure 1.9b). Each low velocity zone is segmented along the 
NW-SE trend and the dimension of the low-velocity anomalies is about 50 km by 60 km, which 
can be well resolved based on our model resolution tests. Resolution test with our final velocity 
model as input also demonstrates that most of these low velocity features can be fairly well 
resolved (see Figures 1.S.6 and 1.S.7).  
 
Third, we observe a fast-to-slow velocity transition along the trench axis from north to 
south across latitude 47˚N at shallow depths (see Figures 1.9a and 1.9b). Above latitude 47˚N, we 
image three NW-SE trending fast velocity spots east of the trench (see magenta outline in Figure 
1.9a), which are approximately parallel to the trench. Below latitude 47˚N, we image three low 
velocity anomalies at depth of 7 km around the trench. On average, the dimensions of these fast 
and slow velocity anomalies are 50 km by 70 km along and across the trench, which can be well 
resolved in terms of our checkerboard resolution tests (Figure 1.7). 
 
1.5.2 Segmented low-velocity anomalies along the Cascade forearc 
Our seismic tomographic imaging demonstrates many regional and local scale low-
velocity anomalies. First, we observe very strong low velocity anomalies along the continental 
margins offshore Oregon and Washington. Around latitude 46˚N (roughly across the state 
boundary between Washington and Oregon), a west-east oriented fast velocity structure separates 
the low velocity anomaly into two segments. Onshore we observe two large low-velocity 
anomalies (Vs ~3.0 km/s) atop the subducting plate along the Washington forearc (Figures 1.9d-
1.9f and 1.10b-1.10d). These low-velocity features extend down to at least 35 km depth and are 
roughly parallel to the subducting JdF slab. The northern low-velocity anomaly is located beneath 
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the Olympic Peninsula with a relatively larger volume. Such a low-velocity feature along the 
Cascades has also been previously observed [e.g., Ramachandran et al., 2006; Calkins et al., 
2011; Calvert et al., 2011; Gao and Shen, 2015; Gao, 2016], but the model resolved in this study 
has a much higher resolution due to the inclusion of dense short-period seismic stations.    
 
Second, we observe some W-E trending fingerlike low-velocity features from 10 km 
depth down to 35 km depth off the coastline, extending toward the trench (see green outline in 
Figure 1.9d). These fingerlike features appear more distinct with depth. The widths and lengths of 
these fingerlike anomalies vary within a range of 30-55 km and 75-120 km, respectively, and the 
inter-spacing of these anomalies varies from 30 km to 55 km. 
 
Third, we image local low velocities beneath the Ozette Lake, the Gray Harbor bay area, 
and the Columbia estuary (A, B, and C in Figure 1.9a). These low-velocity anomalies are at least 
25% lower than the seismic velocities of the surroundings, extending nearly vertically from the 
surface down to atop of the plate interface (see Figures 1.9 and 1.10b, 1.10d-1.10e). And we 
observe anomalously low velocity anomalies beneath Mount Rainier, Mount St. Helens, Mount 
Adams, and Mount Hood, extending from the uppermost crust down to ~25 km depth (see 
Figures 1.9c-1.9f and 1.10d-1.10f). Except Mount Hood, these low velocity features have been 
previously imaged [e.g., Hill et al., 2009; McGary et al., 2014; Kiser et al., 2016]. 
 
1.6. Discussion   
1.6.1 Offshore shear wave velocity structures 
 
17 
Observations of the S-N and SW-NE oriented low velocity features on the seaside of the 
trench (black dashed lines in Figure 1.9a) are spatially correlated with the locations of the 
propagator wakes or “pseudofaults” [Horning et al., 2016], which may indicate presence of highly 
hydrated porous zone. These propagator wakes were formed as a result of the growth or 
propagation of one spreading ridge segment across a small ridge offset. This process may create 
higher porosity and crustal alteration in the “wake”, allowing enhanced fluid flow [Nedimovic et 
al., 2009]. Horning et al. [2016] estimate the amount of water that was accumulated within the 
lower crust and upper mantle beneath the propagator wakes, which varies within 0.25-0.8% and 
0.9-1.8%, respectively. Our seismic low-velocity zones extend down to ~15 km depth, suggesting 
that the propagator wakes cut through the oceanic Moho into the JdF uppermost mantle. Other 
offshore low velocities near the trench at shallow depths are to be discussed in the next 
paragraph, which are related to bending-related faults. 
 
The three sets of NW-SE trending low-velocity features within the JdF plate are 
approximately parallel to the fossilized seafloor spreading direction [Gripp and Gordon, 2002]. 
Two low velocity patches on the seaside of the trench (black squares in Figure 1.9b) correlate 
well with the locations where the bending-related faults are observed [Han et al., 2016]. These 
bending-related faults may contribute to the hydration of the oceanic crust and the uppermost 
mantle prior to subduction at the trench [Horning et al., 2016], thus significantly reducing the 
seismic velocities.  Our seismic observations suggest that the faults were formed near the ridge 
due to small-scale ridge perpendicular movements and then progressively move toward the trench 
[Nedimovic et al., 2009]. These faults can be reactivated due to plate bending near the trench, 
thus promoting further hydration of the oceanic plate. We observe more low-velocity anomalies 
off the Oregon margin than off the Washington margin, which indicates accumulation of more 
faults and a higher potential for crustal alteration and mantle serpentinization [Horning et al., 
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2016]. Toward the eastern ends of these parallel seismic lows (see Figure 1.9b for locations with 
labels ‘E & F’), presence of abundant fluid has also been suggested based on the EarthScope 
USArray magnetotelluric data [Bedrosian and Feucht, 2014]. Therefore, the strong spatial 
correlation of our imaged NW-SE trending low-velocity features with previous studies suggests 
that the JdF plate is highly hydrated within the crust and possibly in the uppermost mantle prior to 
subduction. 
 
Han et al. [2016] show that along the Washington margin, bending-related faults are 
restricted within the oceanic crust, whereas at Oregon margin faults cut through the crust and 
extend into the upper mantle.  However, our tomographic imaging shows that these low velocity 
features extend down to at least 15 km depth with the southernmost one off the Oregon margin 
more distinct at greater depth, suggesting that the bending faults may penetrate through the 
oceanic Moho into the uppermost mantle (see Figures 1.10g-1.10j).  Nevertheless, considering the 
limited depth resolution of our seismic imaging, we may not be able to accurately identify the 
depth distribution of the bending-related faults. The northward slow-to-fast velocity transition 
along the trench axis around latitude 47° N (magenta outline in Figure 1.9a) may also indicate 
variation of the slab strength along strike due to the uneven distribution of the bending-related 
faultings within the oceanic plate. 
 
1.6.2 Segmented low-velocity anomalies along the Cascade forearc 
Distribution of the low-velocity anomalies off the Washington and Oregon continental 
margins demonstrates a distinct variation pattern along strike, especially around latitude 46oN. 
Gao and Shen [2015] and Gao [2016] also show that the offshore structure along the forearc is 
seismically low (see Figure 1.6). However, due to the large-scale model resolution, no along-
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strike segmentation around latitude 46oN (roughly across the state boundary between Washington 
and Oregon) was previously imaged. In this study, our segmented low-velocity features along the 
offshore forearc correlate well with the heterogeneous slip distributions along strike [Wang et al., 
2013] and the basin-centered asperities [Wells et al., 2003]. The west-east oriented fast velocity 
around latitude 46oN is consistent with the low slip area predicted by Wang et al. [2013] and is 
spatially correlated with the boundary between the Willapa basin and the Astoria basin [Wells et 
al., 2003] separated by the active folds and faults [McNeill et al., 1998; Wang et al., 2016]. Based 
on these observations, we propose that the low velocity features along the continental margin may 
be formed due to the accumulation of fluid-rich sediments. 
 
Our seismic imaging shows two distinct low velocity anomalies onshore beneath the 
Washington forearc atop the subducting plate (Figures 1.9e and 1.9f), dipping eastward with 
increasing depth. These low velocity features may indicate fluid-rich sediments accumulated with 
the convergence of the oceanic JdF and continental North American plates [Wells et al., 2002; 
Bedrosian and Feucht, 2014], which are subducted and overthrusted due to the strong coupling 
between the subducting and overriding plates [Ramachandran et al., 2006; Calvert et al., 2011; 
Gao et al., 2011; Gao, 2016]. Calkins et al. [2001] also suggest that the low velocity above the 
plate interface can indicate the presence of fluids released from the downgoing oceanic plate to 
the overlying continental crust. 
 
The W-E trending fingerlike low velocity anomalies (see Figure 1.9d) off the continental 
margins observed in our tomographic imaging are imaged down to at least 30 km depth and 
extend landward to the forearc. Calkins et al. [2011] observe such low velocity features onshore 
beneath the Washington forearc, which are interpreted as highly porous fluid-rich continental 
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lower crust due to dehydration of the wet JdF plate. Bedrosian and Feucht [2014] observe 
presence of fluid-rich areas along the Washington and Oregon coastlines using magnetotelluric 
data (see Figure 1.9b for locations labeled with letters D, E, and F), which are spatially correlated 
with our observed fingerlike low-velocity structures. These correlations suggest that the fingerlike 
structures are directly related to the dehydration of the JdF plate. When fluid-rich sediments are 
subducted at the trench, the fluids tend to migrate laterally due to compaction at the shallow depth 
[Moore and Vrolijk, 1992; van Keken et al., 2011]. The horizontal pathways of the fluid 
migrations along the faults and porous materials [e.g., McNeill et al., 1998; Wells et al., 2003; 
Calkins et al., 2011; Wang et al., 2013; Wang et al., 2016] may result in the W-E trending 
fingerlike structures.  
 
Anomalously low shear-wave velocity anomalies (Vs < 3.3 km/s) are observed beneath 
the Ozette Lake, the Gray Harbor bay area, and the Columbia estuary (see Figure 1.9a for 
locations labeled with letters A, B, and C). The thick low-velocity anomalies located above the 
plate interface may be related to the fluid-rich sediments and/or fluids released from wet 
sediments and the oceanic crust. The nearly vertical low velocity feature beneath the Ozette Lake 
(see Figure 1.10a) is consistent with low resistivity (or high conductivity) from a previous 
magnetotelluric study, where accumulation of free fluids is suggested [Bedrosian and Feucht, 
2014]. The low-velocity anomalies beneath these three locations are spatially connected with the 
W-E oriented fingerlike structures along the offshore forearc and the NW-SE oriented low-
velocity features within the JdF plate as discussed above, which further indicate accumulation of 
fluids due to dehydration of the subducting slab.  Moreover, accumulation of sediments due to 
erosion and deposition from the surrounding river channels in the western Olympic Peninsula can 




Our tomographic results demonstrate anomalously low velocities beneath Mount Rainier, 
Mount St. Helens, Mount Adams, and Mount Hood (see Figures 1.9c, 1.10d, 1.10e, and 1.10f). 
The low velocity features beneath Mount Rainier, Mount St. Helens, and Mount Adams have 
been previously imaged [Hill et al., 2009; McGary et al., 2014; Kiser et al., 2016], which indicate 
possible presence of metasediments and/or fluids/melt [e.g., Worzewski et al., 2011; McGary et 
al., 2014; Meqbel et al., 2014; Hansen et al., 2016]. To our knowledge, the low velocity anomaly 
beneath Mount Hood is observed by our seismic imaging for the first time, which shows a similar 
distribution pattern as observed beneath other three volcanoes. Based on our observations, we 
propose that the low velocity anomaly beneath Mount Hood results from a similar mechanism as 
proposed by previous studies [e.g., Worzewski et al., 2011; McGary et al., 2014; Meqbel et al., 
2014; Hansen et al., 2016]. Detections of crustal low-velocity anomalies beneath the Cascade arc 
volcanoes provide insights of the link between the source of melt/fluids generation and upward 
propagation pathways. However, the relatively low model resolution at greater depths prevents us 
from observing the origins where melt and fluids generate.  
 
1.7. Conclusions 
In this study, we constructed a small-scale 3D shear wave velocity model in the northern 
Cascadia subduction zone using full-wave ambient noise seismic tomography to investigate the 
seismic characteristics related to slab deformation and (de)hydration. Our tomographic images 
demonstrate a few distinct features from the trench to the forearc, including (1) S-N and SW-NE 
oriented low velocity features on the seaside of the trench, (2) three sets of NW-SE trending low 
velocity anomalies within the oceanic plate across the trench, (3) segmented low velocity 
anomalies off the continental margins, (4) W-E trending fingerlike low velocity structures along 
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the forearc, and (5) seismic lows beneath the Ozette Lake, the Gray Harbor bay area, the 
Columbia estuary, and the Cascade arc volcanoes. 
 
Spatial correlations of our seismic observations with many previous studies suggest that 
these low velocity features from the oceanic plate to the continental crust are tightly related to 
slab hydration prior to subduction, slab dehydration near the trench and after subduction, and 
fluid-rich sediments accumulated during subduction. For example, the offshore low-velocity 
features within the oceanic plate are well correlated with previously identified “pseudofaults” or 
“propagator wakes” and bending-related faults, where the JdF oceanic plate is hydrated within the 
crust and probably down to the uppermost mantle prior to subduction. The W-E oriented 
fingerlike low velocity anomalies along the continental margins are directly related to the 
dehydration of the oceanic JdF plate. Moreover, the low velocity features beneath Mount Rainier, 
Mount St. Helens, Mount Adams, and Mount Hood volcanoes are indicative of metasediments 
and accumulations of fluid/melts. A clear imaging of the pathways of fluid movement beneath the 
volcanoes within the crust will significantly contribute to our understanding of melt production in 
the forearc system and water budget in the subduction system.  
 
The high-resolution crustal-scale velocity model of the northern Cascadia subduction 
zone provides us a better understanding of the (de)hydration of the JdF oceanic plate. Recent 
compilation [van Keken et al., 2011] of water flux estimation at subduction zones reveals that a 
significant amount of water is released from the slab at the shallow level in the Cascadia 
subduction zone. However, the migration pathways of the released water have been poorly 
characterized due to limited datasets and model resolutions. Our finer-scale high-resolution shear 
velocity model images plausible fluid cycling pathways, especially from the JdF slab to the 
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shallow continental crust, which can significantly contribute to our understanding of fluids/melt 
migration pattern at shallow level in the subduction system.   Our seismic results show consistent 
patterns as previous studies where water/fluids/melts can be predicted. More importantly, we 
image some new seismic features at the Cascadia subduction zone that are associated with slab 
(de)hydration and possible pathways of water/fluid migration. Our seismic findings thus elucidate 
crustal scale water/fluids/melts migration pattern from trench to forearc in the Cascadia 








Figure 1.1. Distribution of offshore and onshore seismic stations used in this study. The depth 
contours of the plate interface from 20 - 100 km (gray lines with numbers) are from the model of 
McCrory et al. [2004]. The magenta diamonds correspond to OZL - Ozette lake, OP – Olympic 
Peninsular, EV – Everett Basin, SE – Seattle Basin, TA – Tacoma Basin, MR – Mount Rainer, 
MSH – Mount St. Helens, MA – Mount Adams, and MH – Mount Hood. The white dots 






Figure 1.2. Example of empirical Green’s functions derived from ambient noise data, filtered at 4 
- 8 s (left column) and 25 - 50 s (right column) periods, respectively. (Top panel) Land-land 







Figure 1.3. Sensitivity kernels of Rayleigh waves between the station pair UW.YACT and 
UW.RATT (see station locations in Figure 1.1) for both P- and S-waves at depths of 6 km (top 
panel) and 48 km (middle panel) at periods of 15-35 s. (bottom panel) Corresponding cross 
sections of sensitivity kernels. The effect of P-wave velocity perturbation on Rayleigh waves is 







Figure 1.4.  (Top) Distribution of the virtual sources and receivers (blue triangles). (Other figures) 
Comparison of observed (black lines) and synthetic waveforms generated from the initial 
reference model (green lines) and our preferred model (red lines), respectively. The waveforms 




Figure 1.5. Comparison of phase delays between observed and synthetic waveforms from the 
initial reference model (black) and our preferred model (red) in this study. (a)-(c) Phase delay as a 
function of inter-station distance at periods of 15-35 s, 9-15 s, and 4-8 s, respectively. (d)-(f) 




Figure 1.6. Comparison of the initial reference model (the first column), the Gao [2016] model 
(the second column), and our preferred model (the third column) at depths of 13 km (top panel) 
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and 30 km (bottom panel) depth, respectively. The fourth column shows the shear wave velocity 






Figure 1.7. Three-dimensional checkerboard resolution tests. (First row) Input model with a 10% 
velocity perturbation. The horizontal dimension of the input checkerboard cell is 30 km (left 
column), 40 km (middle column), and 50 km (right column), respectively. (Other rows) Recovered 
checkerboard patterns at depths of 7 km, 13 km, 18 km, 24 km, and 30 km correspondingly. The 
black dots mark the seismic stations used in wave simulation and inversion.  
 
 
Figure 1.8. Three-dimensional checkerboard resolution test. (a) Input vertical checkerboard 
pattern with a 10% velocity perturbation. The horizontal and vertical dimensions of the cells are 
50 km and 20 km, respectively. (b-d) Recovered pattern along latitude 47oN, 46.5oN, and 46oN. 





Figure 1.9. Shear wave velocity distribution at multiple depths. (a)-(c) Three shaded light pink 
polygons with black outlines from north to south represent the Everett, Seattle and Tacoma 
Basins, respectively, as marked in Figure 1.1. In (a), A - Ozette lake; B - Gray Harbor; C - 
Columbia estuary; Lines xy and yz mark the locations of the propagator wakes [Han et al. 2016]; 
Magenta outline represents the portion of unaltered oceanic crust (see Discussion for details). (b) 
D, E, and F represent the low resistivity areas observed on the continental shelf using the 
magnetotelluric data by Bedrosian and Feucht  [2014]. The black rectangles outline the locations 
of bending faults observed near the trench with active seismic data by Han et al. [2016]. Three 
maroon dash lines represent the linear alignment of the NW-SE oriented low velocity features 
across the trench (see Discussion section for details). (c) MR - Mount Rainer; MSH – Mount St. 
Helens; MA– Mount Adams; MH – Mount Hood. (d) Green outlines represent the fingerlike 






Figure 1.10. Shear wave velocity profiles. (a) Shear wave velocity at 13 km depth with the profile 
locations (white lines) in (b)-(j). The black dash line in the cross sections is the slab interface. The 
inverted black triangles denote the location of the Ozette Lake (b), Tacoma Basin (c), Gray 
harbor (d), and Columbia estuary (e). The inverted magenta triangles represent Mount Rainier (d), 
Mount St. Helens and Mount Adams (e), and Mount Hood (f), respectively.  
 







Figure 1.11. Ray path coverage map for OBS-OBS, OBS-land, land-land, and all station pairs. 






Figure 1.12. Sensitivity kernels of Rayleigh waves at periods of 25-50 s between station pair 
UW.YACT and UW.LRIV for both P- and S-waves at depths of 6 km (top panel) and 48 km 







Figure 1.13. Sensitivity kernels of Rayleigh waves at periods of 10-25 s between station pair 
UW.YACT and UW.HEBO for both P- and S-waves at depths of 6 km (top panel) and 48 km 







































Figure 1.14. (Map) Distribution of the virtual sources and receivers (blue triangles). (Other 
figures) Comparison of observed (black lines) and synthetic waveforms generated from the initial 
reference model (green lines) and our preferred model (red lines), respectively. The waveforms 
are filtered at periods of 10 -25 s. Blue lines are from the model of Gao [2016]. Note that stations 
UW.STW, UW.LRIV, UW.DOSE and UW.FORK were not used in Gao [2016]. The minimum 
signal-to-noise ratio (SNR) of EGFs is set as 5.0 and the minimum cross-correlation coefficient 
between the EGFs and synthetics is set as 0.8 for inland station pairs. For offshore station pairs, 




Figure 1.15. Example to show improvement of small-scale seismic structures through multiple 
iterations. (Left column) Shear wave velocity at 7 km and 13 km depths. The magenta line shows 
the ray path between station pair 7D.J28A-7D.J50A. (Middle to right columns) Comparison of 
observed (black lines) and synthetic waveforms (red lines) through the last five iterations. The 






Figure 1.16. Three-dimensional shear-wave velocity model resolution tests. (Top panel) Input 
model with a 10% velocity perturbation. (Bottom panel) Recovered patterns at corresponding 
depths. The magenta dashed line marks the trench.  
 
Figure 1.17. Three-dimensional model resolution tests. (Left column) Input model with a 10% 
velocity perturbation. (Right column) Corresponding recovered patterns along latitude 47.9oN, 
47.4oN, 46.2oN, and 45.4oN. See Figure 1.10a for profile locations. The black dashed line marks 






QUALITY ANALYSIS OF HIGH-FREQUENCY AIR-GUN SHOT SEISMIC 
RECORDINGS IN THE JUAN DE FUCA PLATE 
 
2.1 Abstract  
The goal of this study is to extract high-frequency seismic waveforms recorded by both 
offshore and onshore instrumentation, and to quantitatively evaluate the data quality in terms of 
source-to-receiver distance, source parameters, water depth, and sediment thickness. There were 
two active-source seismic experiments within the Juan de Fuca plate, MGL1211 and MGL1212, 
during the first year deployment of the Cascadia Initiative Amphibious Array. In total, we choose 
114 ocean bottom seismometers and 211 inland stations located around the experiment region. 
The common receiver gathering analysis shows that most offshore stations located in deep-water 
record clear first P-wave arrivals up to 150 km away from the air-gun shot. The first arrival 
transits from crustal phase Pg to head wave Pn at a source-to-receiver distance of 25-40 km. For 
stations located at shallow water, the seismic recordings appear much noisier compared to those 
of deep-water stations. Only 5 inland stations record clear air-gun shot signals up to 200 km away 
from the source. The signal-to-noise ratio of the first P-arrivals generally decreases from a few 
hundred down to a single number with increasing source-to-receiver distance, from deep (~3000 
m) to shallow water (~100 m), with increasing sediment thickness and decreasing air-gun shot 
spacing and time interval. On average, the ratio appears 5-10 times lower at inland stations than at 
offshore stations. The sediment thickness estimated in this study demonstrates significant along-
strike variations, which is up to 5 km offshore Oregon and 3.5 km offshore Washington. The 
coincidence of thick sediments with seismicity suggests the importance of sediments on the 





The Juan de Fuca (JdF) plate is subducting beneath the North American continent along 
the Cascadia subduction zone, western North America, at a rate of 3-4 cm/year [e.g., McCaffrey 
et al., 2007]. Cascadia is under the threat of potential megathrust earthquakes and tsunamis in the 
near future [e.g., Wang and Trehu, 2016]. The location and magnitude of subduction earthquakes 
are strongly influenced by the physical properties of the plate interface, subduction zone 
parameters, and rheology of the crust and upper mantle [e.g., Bilek, 2009; Wallace et al., 2010]. It 
has been suggested that, at sediment-rich subduction zones, such as Cascadia and Eastern 
Aleutian, sediment thickness and influx play a significant role in the observed along-strike 
variations of fault slip behaviors [e.g., Song and Simons, 2003; Wells et al., 2003; Wang and 
Trehu, 2016; Han et al., 2017]. A recent study by Phrampus et al. [2017] showed that sediment 
thickening along the accretionary wedge has a crucial effect on the thermal structure of the 
Cascadia subduction system. It was suggested that accumulation of over-consolidated sediments 
offshore the Washington margin contributes to the megathrust slip behavior and deformation of 
the accretionary wedge [Han et al., 2017]. Thick sediments within the accretionary wedge can 
also significantly amplify and extend durations of seismic surface waves [Guo et al., 2016; 
Johnson et al., 2017].  
 
The active-source seismic reflection and refraction experiments have been successfully 
applied to study sedimentary, crustal, and upper mantle structure, and have provided high-
resolution distribution of marine sediments along 2-dimensional profiles and/or within a 
relatively small region [e.g., Funck et al., 2000; Bleibinhaus et al., 2007; Shillington et al., 2008; 
Dash and Spence, 2011; Trehu et al., 2012; Christeson et al., 2013]. Recent active-source seismic 
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experiments in Cascadia demonstrated that the sediment thickness increases from the JdF ridge 
toward the trench [Han et al., 2016; Horning et al., 2016; Han et al., 2017]. Along the Cascadia 
deformation front, the sediment thickness is relatively uniform on the seaside, which is about 2.5-
3.0 km thick [Canales et al., 2017]. The sediments reach a maximum thickness of up to 5 km 
within the accretionary wedge [Han et al., 2017]. The P-wave seismic velocity within the 
sediments varies within a range of 1.5-4.8 km/s, which increases with the increasing sediment 
thickness [Canales et al., 2017; Han et al., 2017]. However, due to the lack of dense coverage of 
high-frequency seismic datasets, none of those previous studies were capable of resolving a three-
dimensional distribution of the sediment thickness within the JdF plate. 
 
With the operation of the Cascadia Initiative seismic array from 2011 to 2015, a few 
studies have provided three-dimensional sediment distributions within the JdF and Gorda plates. 
With the ratio of vertical displacement to pressure of Rayleigh waves, Ruan et al. [2014] and Bell 
et al. [2015] found that the shear velocity of abyssal plain sediments varies at 0.1-1.0 km/s within 
a layer thickness of 0.1-1.4 km from the ridge to the deformation front, which correspondingly 
results in a shear wave delay of 0.5-2.0 s. The estimates by Ruan et al. [2014] and Bell et al. 
[2015] revealed relatively thinner sediments compared to the active-source results by Han et al. 
[2016] and Horning et al. [2016]. Gomberg [2018] extracted the sediment thickness from the 
velocity model by Stephenson [2007], which corresponds to the Vp=4.5 km/s depth boundary. 
The sediment distribution shows an abrupt west-east thickening across the deformation front and 
demonstrates distinct along-strike variations within the accretionary wedge [Gomberg, 2018]. In 
comparison with the results by Bell et al. [2015], the sediment by Gomberg [2018] is on average 




In this study, we analyze high-frequency seismic waveforms from two active-source 
experiments within the JdF plate, and evaluate the data quality. Our analysis shows that the 
quality of the air-gun shot recordings varies from deep to shallow water and from offshore to 
onshore. We provide a three-dimensional distribution of the sediment thickness, extending from 
the ridge to the continental margin within the entire JdF plate.  
 
2.3 Extraction of High Frequency Waveforms 
Two active-source seismic experiments, MGL1211 (Juan de Fuca Plate: Ridge to Trench) 
and MGL1212 (Cascadia Open-Access Seismic Transects), were carried out in June-July, 2012, 
within the oceanic JdF plate (see seismic lines in Figure 2.1 and Supplementary Figure 2.S.1; see 
cruise reports by Carbotte et al. [2012] and Holbrook et al. [2012]). Data, experiment 
information, and OBS instrument types were archived with the Marine Geoscience Data System 
(see Tables 2.S.1-2.S.5, available in the electronic supplement to this article). The first 
experiment, MGL1211, was carried out from June 14th to July 7th, 2012, including three main 
transects (Lines 1-3), one short transect (Line 4), three fan lines, and several short lines. The two 
ridge-perpendicular lines 1 and 2 extend from the JdF ridge to the Cascadia margin, covering the 
full width of the JdF plate. Line 3 starts ~10 km west of the Cascadia deformation front and runs 
parallel to the trench on the abyssal plain for a length of 400 km. Line 4 is located east of the 
Axial seamount and oriented perpendicular to Line 1. The second experiment, MGL1212, was 
conducted on the continental shelf near the Grays Harbor area, Washington (dense white lines in 
Figure 2.1), which started on July 12th, 2012, and lasted for 12 days. This expedition included 9 




The volume of the air-gun arrays was kept constant (6600 cubic inches) throughout the 
two experiments, except for sequence 21 in MGL1211 and sequences 24 and 25 in MGL1212 
(see Tables 2.S.3 and 2.S.4). We excluded those three sequences in our data analysis due to noisy 
first arrivals on data recordings. During MGL1211, the air-gun shots were triggered twice along 
Lines 1-3, every 500 m for the refraction study and every 37.5 m for the multi-channel seismic 
imaging study. The shot spacings for Line 2 and Line 4 are 37.5 m and 150 m, individually. The 
shot spacing was set as 170 m for the dense lines parallel to the trench near the continental shelf 
of central Oregon and a fan line west of the central Oregon trench. The source depth was set at 9 
m for sequences 7-13 and 15-22 with a 15 s shot spacing, sequences 14 and 24-26 with a 60 s 
shot spacing, and sequences 23 and 27 with a 216 s shot spacing. For the rest of the sequences 
with 60 s and 216 s shot spacings, the source depth was set at 12 m (see Table 2.S.3). During the 
MGL1212 experiment, the air-gun shot spacing and time interval remain nearly constant, 50 m 
and 23 s, respectively. The source depth of the air-gun array was set at 9 m for sequences 11-24, 
and 15 m for sequences 1-10 and 25, respectively (see Table 2.S.4). The deeper source depth was 
designated to enhance the data recording quality of the low frequency content (pers. comm. with 
Dr. J. Pablo Canales).    
 
In this study, we analyzed the air-gun shots of these two active-source experiments 
recorded by seismic instruments that were located around the experiment region. In total, we 
chose 114 offshore and 211 onshore stations (see station distribution in Figure 2.1). These 
stations include the Cascadia Initiative seismic array (7D), Neptune Canada (NV), 47 ocean 
bottom seismometers (OBS) deployed for MGL1211 (X6), complementary deployment of 40 
temporary land stations in Oregon and Washington during the period of the active-source 
experiments (YG; Imaging the Cascadia subduction zone: A ship-to-shore opportunity). We also 
added many permanent and temporary land networks, including Cascade chain volcano 
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monitoring network (CC), Global seismograph network (IU), Plate boundary borehole 
observatory seismic network (PB), EarthScope US transportable array (TA), University of 
Oregon regional network (UO), United States national seismic network (US), and Pacific 
Northwest regional seismic network (UW). Continuous vertical-component seismic data were 
requested during the expedition time (from June 13th to July 24th, 2012) from the IRIS Data 
Management Center. Note that the Cascadia Initiative deployed a total of 59 OBSs within the JdF 
plate during 2011-2012. However, only 31 were operating during the active-source experiments. 
The triangles in Figure 2.1 mark stations without seismic recordings. 
 
We first explored the potential frequency ranges of each seismic station. The upper limit 
of frequency is defined by the Nyquist frequency, which is half of the sampling rate in the 
instrument. Among the 325 seismic stations, 80 have the BHZ component with a sampling rate of 
40 or 50 samples per second, including part of networks 7D and UW and all stations from 
networks CC, IU, TA, UO, and US. The rest has either HHZ or EHZ component with a sample 
rate equal to or greater than 100 samples per second, leading to a maximum upper limit of 
frequency over 50 Hz.  Although the Nyquist frequency is up to 25 Hz for the BHZ stations and 
50 Hz for the HHZ/EHZ stations, we only go up to 80% of the Nyquist frequency in order to 
remain conservative. Therefore, for the following data analysis, the seismic waveforms were 
filtered at multiple frequency bands, ranging from 3-5 Hz, 5-10 Hz, to 10-20 Hz for the BHZ 
stations, and 3-5 Hz, 5-10 Hz, 10-20 Hz, to 20-40 Hz for the HHZ/EHZ stations.  
 
No air-gun shot recordings can be easily detected from the raw seismic waveforms. In 
order to identify the air-gun shot signals, we made the common receiver gathering with a 
reduction velocity of 8.0 km/s for each seismic station from each active-source seismic transect. 
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Our data analysis showed that the first P-wave arrivals can be clearly observed at many offshore 
stations up to 150 km away from the source within a broad range of frequency (see examples in 
Figure 2.2 and Supplementary Figures 2.S.2-2.S.5). Consistently, Horning et al. [2016] 
demonstrated similar maximum offset range of air-gun shot arrivals. It appears that stations 
located at deeper water recorded higher-frequency air-gun shot signals (Figure 2.S.3) in 
comparison with stations located at shallower water (Figure 2.S.4-2.S.5). The offshore stations 
also recorded strong direct waves, which travel through the water with an average P-wave 
velocity of 1.48 km/s. In total, we were able to identify clear air-gun shot recordings for 84 
offshore instruments (diamonds in Figure 2.1), including 7 from LDEO (Lamont-Doherty Earth 
Observatory), 20 from WHOI (Woods Hole Oceanographic Institution), 56 from SIO (Scripps 
Institution of Oceanography), and 1 from Neptune Canada. 
 
In contrast, only 5-land stations recorded clear air-gun shot signals up to 200 km away 
from the source, especially at 5-10 Hz (see examples in Figure 2.3 and Supplementary Figures 
2.S.6 and 2.S.7). All of these five stations were located in the remote areas of the Oregon forearc 
(diamonds in Figure 2.1), and far away from possible man-made noise sources. In contrast, none 
of the stations located in the Washington remote areas showed clear air-gun shot recordings. The 
data quality difference between Washington and Oregon stations may reflect the distinct 
structural variations along the Cascadia forearc. For example, the up-to-30-km sediment 
accumulations within the Olympic accretionary wedge in Washington [e.g., Calkins et al., 2011; 
Calvert et al., 2011; Rathnayaka and Gao, 2017] could significantly decrease the amplitude of the 
air-gun shot signals [e.g., Shulgin and Thybo, 2015]. Furthermore, the thickened oceanic crust 
[25-35 km; Trehu et al., 1994] and relatively low heat flow [< 40 mWm-2; Ingebritsen and 
Mariner, 2010] in the Oregon forearc would allow propagation of seismic energy with less 




2.4 Quantitative Analysis of the First Arrivals 
Hereinafter, we preceded our following data quality analysis only for the 89 seismic 
stations with the signal-to-noise ratio (SNR) equal to or greater than 3 (the diamond symbols in 
Figure 2.1). The signal is referred to as the maximum amplitude within the selected signal 
window (defined by an approximate velocity of 8 km/s), and the noise is defined as the standard 
deviation of the noise (see definition in Figure 2.4). We chose a narrow 6-s signal window (4 s 
and 2 s prior to and after the estimated phase arrival, respectively) in order to avoid interference 
with other phases. The noise window starts at 14 s prior to the estimated first arrival for a total 
length of 6 s. Figure 2.4 shows that we can observe clear first arrivals with the SNR equal to or 
greater than 3. 
 
The first P arrivals of the air-gun shot recordings can be either Pg (P wave traveling in 
the crust) or head wave Pn (P wave traveling in the uppermost mantle), which depends on the 
source-to-receiver distance. To distinguish these two phases, we applied a reduction velocity of 
7.0 km/s for the common receiver gathering [Shillington et al., 2004]. We expect a positive trend 
between the phase arrival and the source-to-receiver distance for Pg and a negative trend for Pn 
(see examples in Figure 2.5). We observed a transition of the first arrival from Pg to Pn at a 
source-to-receiver distance of about 25-40 km for offshore stations and 70-80 km for onshore 
stations.  
 
We calculated and analyzed the SNR of the first P arrivals at multiple frequency bands 
for the seismic stations where the first P arrivals can be identified (SNR>=3). The goal is to 
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statistically and quantitatively investigate variations of the data quality in terms of source-to-
receiver distance, frequency, air-gun shot depth and spacing, and site location. In general, the 
SNR decreases exponentially with increasing source-to-receiver distance at all the frequency 
ranges for both offshore and onshore stations (Figures 2.6, 2.7, and 2.S.8). This trend is not 
unexpected considering the dissipation and attenuation of the seismic energy along the 
propagation path [e.g., Shulgin and Thybo, 2015]. More specifically, at shorter distance, when Pg 
is the first arrival, the SNR varies within a large range, up to a few thousand for offshore stations 
(Figures 2.6a-2.6c and 2.7) and hundred for land stations (Figure 2.6d and Supplementary Figure 
2.S.8). At longer distance, when Pn becomes the first arrival, the SNR on average is much 
smaller, less than 300 and 50 for offshore and land stations, respectively. The sharp decrease of 
the SNR near the Pg-Pn transition, as observed at many seismic stations, indicates that on 
average, the amplitude of the Pn phase is at least 10 times lower at offshore stations and 5 times 
lower at land stations than that of the Pg phase within our study region. 
 
No general trend has been observed between the SNR variation and the frequency range. 
However, we noticed that the air-gun shot recordings at some deep-water stations demonstrate 
relatively higher SNR values at 10-20 Hz than at 5-10 Hz (Figure 2.6a). In contrast, for stations 
located near the trench or inland, the SNR decreases from 5-10 Hz to 10-20 Hz (Figures 2.6b-
2.6d). The SNR distribution from all the offshore stations with all the air-gun shots (Figure 2.7) 
demonstrates similar patterns at 20-40 Hz, 10-20 Hz, and 5-10 Hz. The air-gun shot signals 
appear to be much noisier at 3-5 Hz, with the SNRs about 5-10 times lower than the ratios at 
higher frequencies. The SNR distribution from the five onshore stations suggests higher data 
quality at 5-10 Hz with SNR up to 250 than at 10-20 Hz and 3-5 Hz where SNRs are less than 60 




We also explored the correlation of the data quality in terms of the source parameters. 
The SNR analysis shows that the data quality within our selected frequency range does not show 
strong dependence on the depth of the air-gun array (Figure 2.8). For the MGL1211 experiment, 
we observed similar SNR variation pattern at source depths of 9 m and 12 m, which decreases 
exponentially with increasing source-to-receiver distance (Figure 2.8a). The SNR from MGL1212 
doesn’t vary much in terms of the shot-to-receiver distance at both source depths of 9 m and 15 
m, and are 5-10 times lower than from MGL1211 (Figure 2.8b). For MGL1211, we observed the 
data recording quality increases with increasing shot spacing and time interval at all the 
frequencies (Figure 2.8c). This indicates the direct effect of multiple waves from previous shots 
on the first P-wave arrivals of the air-gun shots.  
 
2.5 Estimate of Sediment Thickness 
In order to estimate the sediment thickness beneath each offshore seismic station, we 
applied two types of layered models to best predict the observed Pn arrival time. A model with 
three layers above the oceanic mantle lithosphere, including water, sediment, and oceanic crust, is 
applied when the air-gun shot is located on the seaside of the trench (see Model A in Figure 2.9). 
A continental crustal layer is added between the oceanic sediment and the oceanic crust when 
both the source and the receiver are located between the trench and the continental margin (see 
Model B in Figure 2.9).  
 
Equations 1 and 2 are used to estimate the sediment thickness for Model A (Figure 2.9b) 




















































         (2)  
Where t is the Pn arrival time, and 𝑣1 to 𝑣4 and ℎ1to ℎ4 correspond to P-wave velocities and layer 
thicknesses in water, sediment, continental crust, and oceanic crust, respectively.  𝑣5 is the P-
wave velocity in the uppermost mantle, and x is the shot-to-receiver distance.  
 
The P-wave velocity in the water 𝑣1 is set as 1.48 km/s, which matches well with the 
observed direct wave in this study. The selection of other model parameters is based on the recent 
work in Cascadia by Han et al. [2016], Han et al. [2017], Horning et al. [2016], and Canales et al. 
[2017] (Figure 2.9d). We assume a 6-km-thick oceanic crust (ℎ4) with the P-wave velocity (𝑣4 ) 
of 6.4 km/s.  The P-wave velocities in the continental crust 𝑣3 and uppermost mantle 𝑣5 are set as 
5.6 km/s and 8.0 km/s, respectively. We used Gerdom et al. [2000] for the thickness of the 
continental crust layer ℎ3, which varies from trench towards the coastline. Variation of the water 
depth ℎ1 relies on the locations of the air-gun shot and the receiver. 
 
As demonstrated by many previous studies [e.g., Han et al., 2016; Horning et al., 2016; 
Gomberg, 2018], the sediment thickness within the JdF plate varies within a broad range from the 
ridge to the accretionary wedge (up to 5-6 km thick). The P-wave velocities of the oceanic 
sediment vary significantly within a range of 1.5-4.8 km/s, which increase gradually with 
increasing sediment thickness [Han et al., 2016; Han et al., 2017; Horning et al., 2016; Canales et 
al., 2017]. Therefore we took variations of sedimentary velocities into consideration in our 
calculation of sediment thickness. The average velocity within the sediment layer (𝑣2 ) is set as 
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1.8 km/s and 2.6 km/s, respectively. In order to minimize the ray path effect on the estimate of 
sediment thickness ℎ2 beneath each receiver, we required the source-to-receiver distance within 
35-50 km (Figure 2.S.9). We then took the average of the estimated sediment thicknesses at the 
common receiver gatherings as the average sediment thickness beneath the station (Figure 2.10).  
 
2.6 Distribution Pattern of Sediment Thickness 
Our estimated sediment thickness within the JdF plate is shown in Figure 2.10a (also see 
Supplementary Figure 2.S.10 and Table 2.S.6). The thickest sediment (3-5 km) is accumulated 
within the Cascadia accretionary wedge, consistent with many previous studies [e.g., Westbrook 
et al., 1994; Flueh et al., 1998; Goldfinger et al., 2000; Scherwath et al., 2006; Trehu et al., 2006; 
Han et al., 2016; Horning et al., 2016; Han et al., 2017; Gomberg, 2018]. The sediment thickness 
is up to 4-5 km offshore the Oregon margin and within 3-3.5 km offshore the Washington margin, 
demonstrating significant along-strike variations. Unfortunately, due to the uneven coverage of 
the seismic stations, we were unable to extract the sediment thickness distribution along the entire 
accretionary wedge.  
 
In comparison with the active-source seismic results, we noticed that for receivers located 
near the deformation front and within the accretionary wedge, a 2.6 km/s sedimentary velocity 
could better predict the Pn arrivals. For receivers located further westward away from the 
deformation front, a 1.8 km/s sedimentary velocity fits the observations. For example, along Line 
3 of MGL1211, our estimated sediment thickness with a 2.6 km/s sedimentary velocity agrees 
well with the active-source seismic results by Canales et al. [2017] (less than 200 m difference; 
Supplementary Figure 2.S.10d). Given a 1.8 km/s sedimentary velocity, we observed a tight 
agreement (that is, less than 150 m difference) of the sediment thickness between this study and 
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Han et al. [2016] along Line 2 of MGL1211 (Supplementary Figure 2.S.10c). The only exception 
is for the OBS located on the deformation front, where a 2.6 km/s sedimentary velocity matches 
better (the red dot in Figure 2.S.10c). Along Line 1, our sediment estimate at six sites, which are 
75-150 km westward of the deformation front, is up to 800 m thicker than that of Horning et al. 
[2016] (Supplementary Figure 2.S.10b). The discrepancy between our study and Horning et al. 
[2016] may be due to the tradeoff between velocity and layer thickness. As shown in Horning et 
al. [2016], the P- wave velocities in the crust and upper mantle vary within a large range, from 4.5 
km/s to 7.5 km/s and from 6.5 km/s to 8.5 km/s, respectively, and the crustal thickness varies 
from about 4.8 km to 7.25 km. However, in our calculation, we simply used 6.4 km/s and 8.0 
km/s for the crust and mantle velocities, and a constant crustal thickness (6 km).  
 
We also compared our estimated sediment thicknesses with the results by Bell et al. 
[2015] and Gomberg [2018] (Supplementary Figure 2.S.11). For the four-shared sites by this 
study and Bell et al. [2015], our estimate of the sediment thickness is about 100-800 m thicker 
(Supplementary Figure 2.S.11a). The difference in the sediment thickness between this study and 
Gomberg [2018] varies from -1.1 km up to 2.6 km (Supplementary Figure 2.S.11b), which can be 
partly due to variations of sedimentary velocities. Gomberg [2018] defined the sediment 
thickness as the depth to P wave velocity of 4.5 km/s. However, as demonstrated by active-source 
seismic results in Cascadia [Han et al., 2016; Horning et al., 2016; Canales et al., 2017; Han et al., 
2017], the P wave velocity is up to 4.8-5.0 km/s at the bottom of thick sediments. 
 
 In order to explore the impact of sediment thickness and water depth on data quality, 
we defined the average SNR at each seismic station as the average of all the SNR values from all 
the air-gun shots, filtered at 5-10 Hz, within a source-to-receiver distance between 25-45 km. For 
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all types of instrumentations, the average SNR decreases from 26 to 8 with the increasing 
sediment thickness (Figure 2.10b) and from deep water to shallow water (Figure 2.10c). Our 
analysis showed the highest SNR for the receivers located at deep-water column (~2800 m) and 
thin sediment coverage (~200 m). As described above (Figure 2.8), we observed lower SNRs for 
the MGL1212 experiment in comparison with the MGL1211 experiment, which is mainly 
because that MGL1212 was located within the accretionary wedge where we observe the thickest 
sediments.  
 
2.7 Discussion and Conclusions 
We analyzed the data quality of the first P-wave arrivals from two active-source seismic 
experiments within the Juan de Fuca plate, recorded by both offshore and onshore seismic 
stations. The common receiver gathering analysis showed that stations located in deep-water 
recorded clear air-gun shot signals while most stations located at shallow water appeared much 
noisier. We were able to identify air-gun shot seismic signals for only 5 land stations, which were 
all located within the Oregon forearc. The distribution of the signal-to-noise ratio revealed a few 
general trends; First, the ratio decreases with the increasing source-to-receiver distance; Second, 
the ratio increases from shallow to deep water; Third, the ratio decreases with the increasing 
thickness of the marine sediment. And lastly, the ratio decreases with the decreasing air-gun array 
spacing and time interval. We don’t observe strong correlations between the data quality and the 
air-gun array depth. 
 
It has been suggested by many previous active-source seismic studies that the air-gun 
shot signals can be largely affected by sediment thickness [e.g., Flueh et al., 1998; Shillington et 
al., 2004; Shillington et al., 2008; Bohnenstiehl et al., 2012]. The thick sediments can attenuate 
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the seismic energy [Tullos and Reid, 1969; Hamilton, 1972], resulting in relatively noisier data. 
Distinct low-velocity anomalies have been observed along the Cascade forearc at shallow depths 
[Rathnayaka and Gao, 2017], which were presumably related to sediments. Our quantitative and 
statistical analysis of the air-gun shot recordings further supports that the thick sediments within 
the accretionary wedge are the primary cause of the low SNR for stations located on the 
continental side of the trench. A few other factors may also contribute to the increased noise level 
at shallow-water and inland stations, such as the interaction between oceanic waves with 
coastline, structural contrast across the continental margin, and a variety of man-made noise 
sources. 
 
The sediment thickness estimated in this study increases from the ridge toward the 
continental margin, with significant along-strike variations. Recent seismic refraction studies 
[e.g., Trehu et al., 2006; Han et al., 2017] also showed significant decrease in sediment thickness 
(> 0.5 km) and increase in seafloor heat flow (up to 25 mwm-2) from offshore Oregon northward 
to offshore Washington. Han et al. [2017] suggested that the along-strike variation of the 
sediment thickness within the accretionary wedge reflects the consolidation state of the 
sediments. The thick sediment accumulation acts as a thermally resistive blanket, which increases 
the basement temperature and prevents heat conduction through sediment to the ocean floor [e.g., 
Davis et al., 1999; Trehu et al., 2006; Salmi et al., 2017]. We didn’t observe a strong correlation 
between variations of the sediment thickness and the gravity anomalies [e.g., Wells et al., 2003; 
Blakely et al., 2005; Sandwell et al., 2013], which may be partly due to the influence of the 




The sediment within the Oregon accretionary wedge is up to 5 km thick, where the 
highest fault slip was predicted for the great A.D. 1700 Cascadia earthquake [Wang et al., 2013] 
and a higher locking rate (up to 40 mm/yr) on the Cascadia megathrust was obtained [Pollitz and 
Evans, 2017] (see Figure 2.S.12a). The spatial correlation may imply the influence of the 
Cascadia megathrust earthquake and seamount subsidence on the redistribution of sediments 
along strike. More broadly, the region where we observed relatively thick sediments within the 
southern JdF plate is in correspondence with the distribution of small earthquakes (magnitudes <= 
4) within and above the JdF slab (Figure 2.S.12b). The seismicity on the seaside of the trench was 
attributed to hydration of the downgoing oceanic plate and reactivation of pre-existing faults [Han 
et al., 2016, Horning et al., 2016]. Here, in terms of the coincidence of our sediment distribution 
with observed seismicity, we suggest that the thick and less consolidated sediment accumulation 
offshore Oregon may play a significant role on the coupling of the plate interface [e.g., Heuret et 
al., 2012]. 
 
Our analysis of the air-gun shot recordings provides very useful three-dimensional 
seismic datasets within the entire Juan de Fuca plate. This is particularly important for the 
model resolution within the oceanic crust and the uppermost mantle. As well known, 
seismic tomographic studies with different types of datasets are complementary to each 
other, but are usually carried out separately, leaving a gap in the model resolution. The 
active source seismic recordings have been successfully applied to study the shallow 
crustal structures both onshore and offshore. Regional body-wave tomography provides 
strong constraints on the upper mantle structure and surface-wave tomography is well 
suited to resolve structures from the crust down to ~200 km depth. Integration of high-
frequency air-gun shots and short-period surface waves will provide a tight constraint of 
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the structure from the shallowest sedimentary layers down to tens of kilometers, filling the 









Figure 2.1. Distribution of seismic stations and two active source seismic experiments (thin white 
lines) used in this study. The diamond symbols represent seismic stations with clear air-gun shot 
recordings, and the circles for stations with noisy data. The triangles represent the Cascadia 
Initiative offshore stations with no data recordings during the active source expeditions. The large 
diamonds correspond to the seismic stations used in Figures 2.2, 2.3, 2.5, and 2.6. The depth 
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contours of the Juan de Fuca plate interface from 20-60 km (gray lines) are from the model of 
McCrory et al. [2004]. The thick black line represents the mid-ocean ridge.  
 
 
Figure 2.2. Examples of the air-gun shot recordings by the Cascadia Initiative offshore station 
7D.J43A on June 15th, 2012, filtered at (a) 20-40 Hz, (b) 10-20 Hz, (c) 5-10 Hz, and (d) 3-5 Hz.  
The black arrow corresponds to the first P-wave arrivals at each frequency band. The average P-
wave velocity for the direct wave traveling in the water is 1.48 km/s. The x-axis represents the 





Figure 2.3. Examples of the air-gun shot recordings by onshore station UW.BABR on July 6th, 
2012, filtered at (a) 10-20 Hz, (b) 5-10 Hz, and (c) 3-5 Hz.  The white arrow corresponds to the 
first P-wave arrivals at each frequency band. The x-axis represents the reduced travel time with a 
reduction velocity of 8.0 km/s. See station location in Figure 2.1. 
 
 
Figure 2.4. Definition of the signal-to-noise ratio (SNR). (a) Example of air-gun shot recordings 
with SNR = 120. (b) Example of air-gun shot recordings with SNR = 10. (c) Example of air-gun 
shot recordings with SNR = 3.  The seismic waveforms are filtered at 5-10 Hz. The solid and 
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dashed lines define the 6-s signal window and the 6-s noise window, respectively. Black circles 
denote the first P-wave arrivals. The air-gun shot signal can be clearly observed at SNR>=3. 
 
 
Figure 2.5. Examples of the first P-wave arrivals for (a) deep-water seismic station X6.77 and (b) 
shallow-water station 7D.M07A. See station locations in Figure 2.1. The seismic waveforms are 
filtered at 5-10 Hz. The shaded area represents the phase transition from Pg to Pn. The x-axis 




Figure 2.6. Distribution of the signal-to-noise ratio at individual stations. (a) SNR for offshore 
station X6.76 at deep water (2800 m). (b) SNR for offshore station 7D.J43A at water depth of 
2654 m. (c) SNR for offshore station 7D.M07A at shallow water (1356 m). (d) SNR for land 
station UW.BABR. See station locations in Figure 2.1. The black dots are measurements from 10-
20 Hz, and the open diamonds are from 5-10 Hz. The vertical dashed line represents the 




Figure 2.7. Distribution of the signal-to-noise ratio in terms of the source-to-receiver distance and 
frequency. The signal-to-noise ratios are from all the offshore stations with all the air-gun shot 




Figure 2.8. Distribution of the signal-to-noise ratio as a function of source parameters. (a) 
Comparison of the SNR at source depths of 9 m (pluses) and 12 m (dots) for MGL1211. (b) 
Comparison of the SNR at source depths of 9 m (pluses) and 15 m (crosses) for MGL1212. (c) 
Variation of the SNR in terms of the air-gun array spacing and time interval. The pluses, dots, and 
diamonds represent the 500 m, 150-170 m, and 37.5 m shot spacings for MGL1211, respectively. 
Data are filtered at 5-10 Hz. (d) Distribution of the SNR in terms of the air-gun array spacing and 




Figure 2.9. Simplified layered models used to predict the arrival time of the first P waves. (a) 
Schematic diagram of the subduction zone. The star represents the air-gun shot location and the 
triangle for the receiver location. (b) A simple three-layer model for the case when the air-gun 
shot is located on the seaside of the trench. (c) A continental crustal layer is added between the 
oceanic sediment and the oceanic crust when both the source and the receiver are located between 
the trench and the coastline. (d) Model parameters within each layer based on Han et al. [2016], 
Han et al. [2017], Horning et al. [2016], and Gerdom et al. [2000]. The layer thickness depends 





Figure 2.10. (a) Distribution of sediment thickness estimated beneath each offshore seismic 
station. The triangles represent the Cascadia Initiative stations with no data recordings during the 
active source expeditions, and the sediment thickness beneath those stations is obtained from Bell 
et al. [2015]. (b) Variation of the average SNR in terms of sediment thickness. (c) Variation of the 
average SNR in terms of water depth. In (b) and (c), the stars, circles, triangles, and diamonds 
represent LDEO, WHOI, SIO, and NV (Neptune Canada) instruments, respectively. Black solid 




We analyzed the frequency spectrum of a day-long recording for both onshore and offshore 
stations to diagnose the diurnal effect of the background noise. Preliminary noise analysis of the 
Cascadia Initiative showed that the power spectra are relatively independent of water depth but 
demonstrate seasonal dependence to some extent [Sumy et al., 2015]. Based on the cruise reports 
[Carbotte et al., 2012; Holbrook et al., 2012], the UTC midnight is equal to 17:00 local time. Our 
analysis demonstrated that the frequency spectrogram of offshore stations shows similar patterns 
for daytime and nighttime; In comparison, some land stations show strong diurnal variations on a 
broad frequency range. We used the LDEO trawl-resistant offshore station 7D.FN14A and the 
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land station TA.I02D as examples (see station locations in Supplementary Figure 2.S.1). The raw 
day-long seismic recordings by both stations show no temporal variations (Figures 2.A.1a and 
2.A.2a in Appendix). For station 7D.FN14A, we observed the air-gun shot arrivals, which appear 
as numerous strong signals (about 5-200 times of the background noise level) at periodic intervals 
after filtering the seismic recordings between 5-20 Hz (Figure 2.A.1b in Appendix). The 
frequency spectrogram appears similar during daytime and nighttime (Figures 2.A.1c (red and 
black lines) in Appendix). The strong signals within 3 Hz may correspond to the background 
noise level, and the relatively high seismic energy at 3-20 Hz reflects the air-gun shots. In 
contrast, the seismogram by station TA.I02D, which is located in a highly populated area, appears 
to be much noisier. The nighttime frequency spectrogram at TA.I02D (Figure 2.A.2c in 
Appendix) shows a similar pattern as the daytime/nighttime spectrogram at 7D.FN14A. The 
magnitude of the frequency spectrogram is much stronger during daytime (15:00-03:00 UTC time 
/ 8:00-20:00 local time; Figure 2.A.2c (red lines) in Appendix) compared to the quiet nighttime 





Figure 2.11. Analysis of day-long frequency spectrogram for the LDEO trawl-resistant offshore 
station 7D.FN14A. See station location in Figure 2.S.1. (a) Raw seismic waveforms without 
filtering. (b) The seismic waveforms are filtered at 5-20 Hz. (c) The frequency spectrum for 
daytime (red) and nighttime (black). The gray-shaded segments of the seismic waveforms in (a) 





Figure 2.12. Analysis of day-long frequency spectrogram for the EarthScope Transportable Array 
station TA.I02D. See station location in Figure 2.S.1. (a) Raw seismic waveforms without 
filtering. (b) The seismic waveforms are filtered at 5-20 Hz. (c) The frequency spectrum for 
daytime (red) and nighttime (black). The gray-shaded segments of the seismic waveforms in (a) 
and (b) represent the 03:00-15:00 UTC nighttime. 
 
2.10 Supplemental information 
 
Figure 2.13. Distribution of two active-source seismic experiments (thin black lines) used in this 
study and seismic stations used in Figures 2.A.1, 2.A.2, 2.S.3-2.S.7, 2.S.9 and 2.S.11. The depth 
contours of the Juan de Fuca plate interface from 20-60 km (gray lines) are from the model of 




Figure 2.14. Seismic recordings of a single air-gun shot at nearby offshore stations. (a) Locations 
of the air-gun shot (red star) and receivers (magenta diamonds). (b)-(f) Seismic waveforms at 




Figure 2.15. Example of air-gun shot recordings by deep-water station X6.84 (water depth: 2820 
m) on July 1st, 2012, filtered at (a) 20-40 Hz, (b) 10-20 Hz, (c) 5-10 Hz, and (d) 3-5 Hz.  The 
magenta arrow shows the first P-wave arrivals at each frequency band. The average P-wave 
velocity for the direct wave traveling in the water is 1.48 km/s. The x-axis represents the reduced 
travel time with a reduction velocity of 8.0 km/s. 
 
 
Figure 2.16. Example of air-gun shot recordings by offshore station 7D.M07A (water depth: 1356 
m) on July 6th, 2012, filtered at (a) 20-40 Hz, (b) 10-20 Hz, (c) 5-10 Hz, and (d) 3-5 Hz.  The 




Figure 2.17. Example of air-gun shot recordings by shallow-water station 7D.FN14A (water 
depth: 173 m) on June 17th-18th, 2012, filtered at (a) 20-40 Hz, (b) 10-20 Hz, (c) 5-10 Hz, and (d) 





Figure 2.18. Example of air-gun shot recordings by EarthScope Transportable Array station 
TA.I02D on July 5th-6th, 2012, filtered at (a) 10-20 Hz, (b) 5-10 Hz, and (c) 3-5 Hz.  The magenta 
arrow shows the first P-wave arrivals at each frequency band. 
 
Figure 2.19. Example of air-gun shot recordings by onshore station UW.BLOW on July 4th, 2012, 
filtered at (a) 10-20 Hz, (b) 5-10 Hz, and (c) 3-5 Hz.  The magenta arrow shows the first P-wave 




Figure 2.20. Distribution of the signal-to-noise ratio in terms of the source-to-receiver distance 
and frequency. The signal-to-noise ratios are from all the onshore stations with all the air-gun 
shot recordings, filtered at (a) 10-20 Hz, (b) 5-10 Hz, and (c) 3-5 Hz.   
 
Figure 2.21. Example to show estimate of sediment thickness with Model A at station X6.38. (a) 
The ray paths (red lines) from the air-gun shots (red stars) on June 17th, 2012 to the receiver 
(black triangle). Also see station location in Figure 2.S.1. (b) The first arrivals (Pn) from shots A. 
(c) The first arrivals (Pn) from shots B. The red dots represent the manually picked first arrivals. 
The seismic waveforms are filtered at 5-10 Hz. (d) Estimated sediment thickness for each trace 
from shots A (black dots) and shots B (blue dots). We used the model parameters in Figure 2.9d 
and 1.8 km/s sediment velocity for this estimation. An average of all the estimates is then used as 




Figure 2.22. (a) Distribution of sediment thickness within the Juan de Fuca plate estimated in this 
study. The triangles represent the Cascadia Initiative stations with no data recordings during the 
active source experiments, and the sediment thickness beneath those stations is thus obtained 
from Bell et al. [2015]. (b) Comparison of sediment thickness along Line 1 between this study 
(black dots) and Han et al. [2016] (blue line). (c) Comparison of sediment thickness along Line 2 
between this study (black and red dots) and Han et al. [2016] (blue line). The 2.6 km/s (red dots) 
and 1.8 km/s (black dots) sediment velocities are used to estimate sediment thicknesses, 
respectively. (d) Comparison of sediment thickness along Line 3 between this study (red dots) 
and Canales et al. [2017] (blue line). The 2.6 km/s sediment velocity is used to estimate the 




Figure 2.23. (a) Comparison of sediment thickness between this study (black dots) and Bell et al. 
[2015] (red diamonds). (b) Comparison of sediment thickness between this study (black dots) and 
Gomberg. [2018] (blue dots).  
 
 
Figure 2.24. (a) Offshore gravity anomalies in the study region. Gravity data are from Sandwell et 
al. [2013]. The white contours represent the 20-40 mm/yr locking rate on the Cascadia megathrust 
[Pollitz and Evans, 2017]. The green dashed lines represent the predicted high-slip patches for the 
great A.D. 1700 Cascadia earthquake [Wang et al., 2013]. (b) Distribution of seismicity (red dots) 
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with magnitudes <= 4.0 at depths shallower than 10 km (from January 1975 to December 2016, 
ANSS catalogue). The white dashed line represents the increased seismicity of the southeastern 




















Shot spacing and 
time interval 
OBS03 2012-06-14 20:22:00 -125.30962 44.19155 2012-06-16 22:56:00 -126.488 47.86166 1 500m (216 sec) 
OBSFS01 2012-06-17 00:44:00 -126.502 47.85412 2012-06-17 13:58:00 -126.785 47.08286 2 500m (216 sec) 
OBSFS01A 2012-06-17 22:12:00 -126.35964 46.9683 2012-06-17 23:35:00 -126.209 46.97727 3 500m (216 sec) 
OBST01 2012-06-17 23:41:00 -126.19902 46.97861 2012-06-18 09:17:00 -125.078 47.13951 4 500m (216 sec) 
OBS02 2012-06-18 09:34:00 -125.07038 47.15679 2012-06-19 05:43:00 -127.134 47.58417 5 500m (216 sec) 
OBS02A 2012-06-19 14:49:00 -126.53195 47.45756 2012-06-20 14:06:00 -128.985 47.94897 6 500m (216 sec) 
MCS02 2012-06-21 04:26:22 -127.77523 47.71453 2012-06-21 10:55:41 -127.07 47.57143 7 37.5m (15 sec) 
MCS02A 2012-06-21 21:45:11 -126.7923 47.51318 2012-06-22 14:25:22 -125.082 47.16289 8 37.5m (15 sec) 
MCST02 2012-06-22 17:08:22 -125.23982 47.15063 2012-06-22 19:19:40 -125.401 47.25597 9 37.5m (15 sec) 
MCST02A 2012-06-22 19:23:56 -125.40718 47.25979 2012-06-22 20:54:23 -125.535 47.33084 10 37.5m (15 sec) 
MCST03 2012-06-22 21:09:35 -125.56077 47.32645 2012-06-22 23:07:40 -125.791 47.29865 11 37.5m (15 sec) 
MCS02B 2012-06-22 23:10:19 -125.79568 47.298 2012-06-23 05:06:33 -126.422 47.43453 12 37.5m (15 sec) 
MCS03 2012-06-23 05:27:06 -126.40353 47.44794 2012-06-23 09:11:02 -126.43 47.68067 13 37.5m (15 sec) 
OBS03B 2012-06-23 09:14:02 -126.43024 47.68516 2012-06-23 11:37:17 -126.492 47.87664 14 150m (60 sec) 
MCS03A 2012-06-23 14:20:51 -126.46299 47.80256 2012-06-25 13:35:13 -125.334 44.27505 15 37.5m (15 sec) 
MCST04 2012-06-25 19:46:55 -124.85812 44.21269 2012-06-26 00:41:25 -124.364 44.25532 16 37.5m (15 sec) 
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MCS01 2012-06-26 01:29:46 -124.35332 44.30256 2012-06-28 12:43:55 -129.984 45.90292 17 37.5m (15 sec) 
MCST05 2012-06-28 12:55:49 -129.99575 45.91317 2012-06-28 15:47:39 -130.132 46.05019 18 37.5m (15 sec) 
MCSAX1 2012-06-28 16:43:26 -130.07235 46.07536 2012-06-28 19:33:53 -129.939 45.87759 19 37.5m (15 sec) 
MCST06 2012-06-28 21:26:01 -129.82306 45.82023 2012-06-28 23:45:47 -129.681 45.93577 20 37.5m (15 sec) 
MCSAX2 2012-06-29 01:04:23 -129.73591 45.98616 2012-06-29 05:15:16 -130.116 45.86284 21 37.5m (15 sec) 
MCS01A 2012-06-29 08:45:40 -130.25102 45.96927 2012-06-29 12:00:04 -129.936 45.88949 22 37.5m (15 sec) 
OBS01 2012-06-29 12:03:32 -129.93034 45.88805 2012-06-29 17:55:36 -129.374 45.74674 23 500m (216 sec) 
OBSFS02A 2012-06-29 18:06:28 -129.36364 45.75427 2012-06-30 04:06:07 -128.533 46.00555 24 150m (60 sec) 
OBS04 2012-06-30 04:22:04 -128.52653 45.98977 2012-06-30 15:37:27 -128.995 45.18609 25 150m (60 sec) 
OBSFS02B 2012-06-30 15:53:27 -129.01877 45.17884 2012-07-01 01:14:38 -129.367 45.73229 26 150m (60 sec) 
OBS01A 2012-07-01 01:31:07 -129.34382 45.73883 2012-07-01 13:06:30 -128.198 45.43844 27 500m (216 sec) 
OBS01B 2012-07-01 20:36:00 -128.24274 45.45087 2012-07-03 05:03:00 -125.137 44.56169 28 500m (216 sec) 
OBS01C 2012-07-03 08:47:00 -125.41524 44.79247 2012-07-03 21:02:00 -124.289 44.26027 29 500m (216 sec) 
TREHUOBS01 2012-07-03 21:04:00 -124.28874 44.25473 2012-07-03 23:18:00 -124.344 44.05944 30 170m (60 sec) 
TREHUOBS02 2012-07-03 23:19:00 -124.35615 44.0492 2012-07-04 01:22:00 -124.514 43.91599 31 170m (60 sec) 
TREHUOBS03 2012-07-04 01:39:00 -124.54047 43.92407 2012-07-04 12:59:00 -124.224 44.85732 32 170m (60 sec) 
TREHUOBS04 2012-07-04 13:03:00 -124.2287 44.86158 2012-07-04 15:31:00 -124.424 44.86358 33 170m (60 sec) 
TREHUOBS05 2012-07-04 15:34:00 -124.42783 44.86124 2012-07-05 04:23:00 -124.847 43.73017 34 170m (60 sec) 
TREHUOBS06 2012-07-05 04:35:00 -124.86463 43.7284 2012-07-05 07:07:00 -125.025 43.91761 35 170m (60 sec) 
TREHUOBS07 2012-07-05 07:08:00 -125.02483 43.91925 2012-07-05 18:05:00 -124.669 44.85198 36 170m (60 sec) 
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TREHUOBS08 2012-07-05 18:13:00 -124.65718 44.85678 2012-07-05 22:41:00 -124.18 44.63574 37 170m (60 sec) 
TREHUOBS09 2012-07-05 22:43:00 -124.17943 44.63285 2012-07-06 02:35:00 -124.279 44.2883 38 170m (60 sec) 
OBST02 2012-07-06 03:45:00 -124.38016 44.32466 2012-07-06 16:36:00 -125.588 45.0915 39 170m (60 sec) 
OBSFS03 2012-07-06 16:39:00 -125.59333 45.1085 2012-07-07 08:00:00 -125.327 44.21281 40 170m (60 sec) 
OBS3C 2012-07-07 08:18:00 -125.3177 44.20902 2012-07-07 19:51:00 -125.05 43.35775 41 500m (216 sec) 
 
 
Table 2.1. Active-source seismic experiment information for MGL1211 [Carbotte et al., 2012]. 
 










Shot spacing and 
time interval 
MCS11 2012-07-13 09:38:49 -125.4161 46.32419 2012-07-13 17:26:57 -125.549 46.86802 1 50 m (23 Sec) 
T01 2012-07-14 01:28:44 -125.94598 47.05136 2012-07-14 03:33:19 -126.144 47.01472 2 50 m (23 sec) 
MCS01 2012-07-14 04:41:28 -126.11207 46.96726 2012-07-14 06:02:17 -125.98 46.97887 3 50 m (23 Sec) 
MCS01A 2012-07-14 13:10:28 -126.10883 46.96729 2012-07-15 00:42:44 -124.878 47.0698 4 50 m (23 Sec) 
MCS03 2012-07-15 05:15:14 -124.82745 46.93184 2012-07-15 18:37:34 -126.202 46.81338 5 50 m (23 Sec) 
MCS05 2012-07-16 01:04:15 -126.38456 46.65374 2012-07-16 17:30:38 -124.654 46.80077 6 50 m (23 Sec) 
MCST02 2012-07-16 17:39:10 -124.64114 46.7974 2012-07-16 19:38:56 -124.606 46.6708 7 50 m (23 Sec) 
MCS07 2012-07-16 21:02:05 -124.72822 46.65119 2012-07-17 10:38:15 -126.041 46.53725 8 50 m (23 Sec) 
MCST03 2012-07-17 10:55:15 -126.0597 46.52341 2012-07-17 12:46:23 -126.037 46.40841 9 50 m (23 Sec) 
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MCS09 2012-07-17 13:00:55 -126.0233 46.39821 2012-07-18 00:15:23 -124.812 46.49971 10 50 m (23 Sec) 
MCS08 2012-07-18 22:33:39 -125.29794 46.53153 2012-07-19 05:28:51 -126.031 46.46672 11 50 m (23 Sec) 
MCST04 2012-07-19 05:49:47 -126.05664 46.47732 2012-07-19 07:30:05 -126.079 46.59341 12 50 m (23 Sec) 
MCS06 2012-07-19 07:44:33 -126.06499 46.60653 2012-07-19 20:36:06 -124.691 46.72615 13 50 m (23 Sec) 
MCST05 2012-07-19 22:09:45 -124.52662 46.74638 2012-07-19 23:51:14 -124.535 46.86639 14 50 m (23 Sec) 
MCS04 2012-07-20 00:18:42 -124.57218 46.88036 2012-07-20 15:11:30 -126.282 46.73618 15 50 m (23 Sec) 
MCST06 2012-07-20 15:22:11 -126.29838 46.74156 2012-07-20 16:57:34 -126.33 46.8576 16 50 m (23 Sec) 
MCS02 2012-07-20 17:08:53 -126.3215 46.86988 2012-07-21 04:09:19 -125.057 46.98349 17 50 m (23 Sec) 
MCS03A 2012-07-21 05:08:46 -125.00913 46.92035 2012-07-21 08:48:18 -124.593 46.97813 18 50 m (23 Sec) 
MCST07 2012-07-21 08:59:18 -124.57291 46.98152 2012-07-21 11:34:19 -124.36 47.01974 19 50 m (23 Sec) 
NTMCS01 2012-07-21 12:57:33 -124.36074 47.09582 2012-07-21 21:42:59 -125.19 47.18395 20 50 m (23 Sec) 
MCST08 2012-07-21 21:55:05 -125.20805 47.18418 2012-07-22 00:04:21 -125.405 47.13011 21 50 m (23 Sec) 
MCS10 2012-07-22 00:19:42 -125.42201 47.11813 2012-07-22 11:11:31 -125.336 46.36374 22 50 m (23 Sec) 
MCS09A 2012-07-22 15:26:02 -125.65135 46.42729 2012-07-22 21:47:23 -124.997 46.48233 23 50 m (23 Sec) 
MCS09B 2012-07-23 00:14:59 -124.93087 46.48996 2012-07-23 07:25:20 -125.592 46.43205 24 50 m (23 Sec) 
MCS09C 2012-07-23 10:42:18 -125.54599 46.43771 2012-07-23 16:04:05 -124.983 46.48575 25 50 m (23 Sec) 
 




Shot Name Start Date & Time Stop Date & Time Sequence 
Number 
Shot spacing and 
time interval 
Source depth (m) Source Volume 
(cubic inches) 
OBS03 2012-06-14 20:22:00 2012-06-16 22:56:00 1 500m (216 sec) 12 6600 
OBSFS01 2012-06-17 00:44:00 2012-06-17 13:58:00 2 500m (216 sec) 12 6600 
OBSFS01A 2012-06-17 22:12:00 2012-06-17 23:35:00 3 500m (216 sec) 12 6600 
OBST01 2012-06-17 23:41:00 2012-06-18 09:17:00 4 500m (216 sec) 12 6600 
OBS02 2012-06-18 09:34:00 2012-06-19 05:43:00 5 500m (216 sec) 12 6600 
OBS02A 2012-06-19 14:49:00 2012-06-20 14:06:00 6 500m (216 sec) 12 6600 
MCS02 2012-06-21 04:26:22 2012-06-21 10:55:41 7 37.5m (15 sec) 9 6600 
MCS02A 2012-06-21 21:45:11 2012-06-22 14:25:22 8 37.5m (15 sec) 9 6600 
MCST02 2012-06-22 17:08:22 2012-06-22 19:19:40 9 37.5m (15 sec) 9 6600 
MCST02A 2012-06-22 19:23:56 2012-06-22 20:54:23 10 37.5m (15 sec) 9 6600 
MCST03 2012-06-22 21:09:35 2012-06-22 23:07:40 11 37.5m (15 sec) 9 6600 
MCS02B 2012-06-22 23:10:19 2012-06-23 05:06:33 12 37.5m (15 sec) 9 6600 
MCS03 2012-06-23 05:27:06 2012-06-23 09:11:02 13 37.5m (15 sec) 9 6600 
OBS03B 2012-06-23 09:14:02 2012-06-23 11:37:17 14 150m (60 sec) 9 6600 
MCS03A 2012-06-23 14:20:51 2012-06-25 13:35:13 15 37.5m (15 sec) 9 6600 
MCST04 2012-06-25 19:46:55 2012-06-26 00:41:25 16 37.5m (15 sec) 9 6600 
MCS01 2012-06-26 01:29:46 2012-06-28 12:43:55 17 37.5m (15 sec) 9 6600 
MCST05 2012-06-28 12:55:49 2012-06-28 15:47:39 18 37.5m (15 sec) 9 6600 
MCSAX1 2012-06-28 16:43:26 2012-06-28 19:33:53 19 37.5m (15 sec) 9 6600 
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MCST06 2012-06-28 21:26:01 2012-06-28 23:45:47 20 37.5m (15 sec) 9 6600 
MCSAX2 2012-06-29 01:04:23 2012-06-29 05:15:16 21 37.5m (15 sec) 9 3300 
MCS01A 2012-06-29 08:45:40 2012-06-29 12:00:04 22 37.5m (15 sec) 9 6600 
OBS01 2012-06-29 12:03:32 2012-06-29 17:55:36 23 500m (216 sec) 9 6600 
OBSFS02A 2012-06-29 18:06:28 2012-06-30 04:06:07 24 150m (60 sec) 9 6600 
OBS04 2012-06-30 04:22:04 2012-06-30 15:37:27 25 150m (60 sec) 9 6600 
OBSFS02B 2012-06-30 15:53:27 2012-07-01 01:14:38 26 150m (60 sec) 9 6600 
OBS01A 2012-07-01 01:31:07 2012-07-01 13:06:30 27 500m (216 sec) 9 6600 
OBS01B 2012-07-01 20:36:00 2012-07-03 05:03:00 28 500m (216 sec) 12 6600 
OBS01C 2012-07-03 08:47:00 2012-07-03 21:02:00 29 500m (216 sec) 12 6600 
TREHUOBS01 2012-07-03 21:04:00 2012-07-03 23:18:00 30 170m (60 sec) 12 6600 
TREHUOBS02 2012-07-03 23:19:00 2012-07-04 01:22:00 31 170m (60 sec) 12 6600 
TREHUOBS03 2012-07-04 01:39:00 2012-07-04 12:59:00 32 170m (60 sec) 12 6600 
TREHUOBS04 2012-07-04 13:03:00 2012-07-04 15:31:00 33 170m (60 sec) 12 6600 
TREHUOBS05 2012-07-04 15:34:00 2012-07-05 04:23:00 34 170m (60 sec) 12 6600 
TREHUOBS06 2012-07-05 04:35:00 2012-07-05 07:07:00 35 170m (60 sec) 12 6600 
TREHUOBS07 2012-07-05 07:08:00 2012-07-05 18:05:00 36 170m (60 sec) 12 6600 
TREHUOBS08 2012-07-05 18:13:00 2012-07-05 22:41:00 37 170m (60 sec) 12 6600 
TREHUOBS09 2012-07-05 22:43:00 2012-07-06 02:35:00 38 170m (60 sec) 12 6600 
OBST02 2012-07-06 03:45:00 2012-07-06 16:36:00 39 170m (60 sec) 12 6600 
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OBSFS03 2012-07-06 16:39:00 2012-07-07 08:00:00 40 170m (60 sec) 12 6600 
OBS3C 2012-07-07 08:18:00 2012-07-07 19:51:00 41 500m (216 sec) 12 6600 
 
Table 2.3. Air-gun shot source depth and volume information for MGL1211 [Carbotte et al., 2012]. 
 
Shot Name Start Date & Time Stop Date & Time Sequence 
Number 
Shot spacing and 
time interval 
Source Depth (m) Source Volume 
MCS11 2012-07-13 09:38:49 2012-07-13 17:26:57 1 50 m (23 Sec) 15 6600 
T01 2012-07-14 01:28:44 2012-07-14 03:33:19 2 50 m (23 sec) 15 6600 
MCS01 2012-07-14 04:41:28 2012-07-14 06:02:17 3 50 m (23 Sec) 15 6600 
MCS01A 2012-07-14 13:10:28 2012-07-15 00:42:44 4 50 m (23 Sec) 15 6600 
MCS03 2012-07-15 05:15:14 2012-07-15 18:37:34 5 50 m (23 Sec) 15 6600 
MCS05 2012-07-16 01:04:15 2012-07-16 17:30:38 6 50 m (23 Sec) 15 6600 
MCST02 2012-07-16 17:39:10 2012-07-16 19:38:56 7 50 m (23 Sec) 15 6600 
MCS07 2012-07-16 21:02:05 2012-07-17 10:38:15 8 50 m (23 Sec) 15 6600 
MCST03 2012-07-17 10:55:15 2012-07-17 12:46:23 9 50 m (23 Sec) 15 6600 
MCS09 2012-07-17 13:00:55 2012-07-18 00:15:23 10 50 m (23 Sec) 15 6600 
MCS08 2012-07-18 22:33:39 2012-07-19 05:28:51 11 50 m (23 Sec) 9 6600 
MCST04 2012-07-19 05:49:47 2012-07-19 07:30:05 12 50 m (23 Sec) 9 6600 
MCS06 2012-07-19 07:44:33 2012-07-19 20:36:06 13 50 m (23 Sec) 9 6600 
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MCST05 2012-07-19 22:09:45 2012-07-19 23:51:14 14 50 m (23 Sec) 9 6600 
MCS04 2012-07-20 00:18:42 2012-07-20 15:11:30 15 50 m (23 Sec) 9 6600 
MCST06 2012-07-20 15:22:11 2012-07-20 16:57:34 16 50 m (23 Sec) 9 6600 
MCS02 2012-07-20 17:08:53 2012-07-21 04:09:19 17 50 m (23 Sec) 9 6600 
MCS03A 2012-07-21 05:08:46 2012-07-21 08:48:18 18 50 m (23 Sec) 9 6600 
MCST07 2012-07-21 08:59:18 2012-07-21 11:34:19 19 50 m (23 Sec) 9 6600 
NTMCS01 2012-07-21 12:57:33 2012-07-21 21:42:59 20 50 m (23 Sec) 9 6600 
MCST08 2012-07-21 21:55:05 2012-07-22 00:04:21 21 50 m (23 Sec) 9 6600 
MCS10 2012-07-22 00:19:42 2012-07-22 11:11:31 22 50 m (23 Sec) 9 6600 
MCS09A 2012-07-22 15:26:02 2012-07-22 21:47:23 23 50 m (23 Sec) 9 6600 
MCS09B 2012-07-23 00:14:59 2012-07-23 07:25:20 24 50 m (23 Sec) 9 3300 
MCS09C 2012-07-23 10:42:18 2012-07-23 16:04:05 25 50 m (23 Sec) 15 3300 
 
Table 2.4. Air-gun shot source depth and volume information for MGL1212 [Holbrook et al., 2012]. 
 
Station Instrument type Station  Instrument type Station Instrument type Station  Instrument type 
7D.FN07A LDEO X6.10 SIO X6.50 SIO X6.84 SIO 
7D.FN14A LDEO X6.11 SIO X6.51 SIO X6.85 SIO 
7D.FN16A LDEO X6.12 SIO X6.52 SIO X6.S04 WHOI 
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7D.J25A SIO X6.13 SIO X6.53 SIO X6.S05 WHOI 
7D.J33A SIO X6.17 SIO X6.54 SIO X6.S06 WHOI 
7D.J34A LDEO X6.18 SIO X6.56 SIO X6.S15 WHOI 
7D.J35A SIO X6.19 SIO X6.61 SIO X6.S24 WHOI 
7D.J36A SIO X6.20 SIO X6.62 SIO X6.S25 WHOI 
7D.J42A LDEO X6.21 SIO X6.63 SIO X6.S26 WHOI 
7D.J43A SIO X6.22 SIO X6.64 SIO X6.S35 WHOI 
7D.J44A SIO X6.30 SIO X6.65 WHOI X6.S37 WHOI 
7D.J50A LDEO X6.31 SIO X6.66 WHOI X6.S43 WHOI 
7D.J51A LDEO X6.33 SIO X6.71 SIO X6.S57 WHOI 
7D.M07A SIO X6.34 SIO X6.72 WHOI X6.S58 WHOI 
7D.M08A SIO X6.38 SIO X6.73 WHOI X6.S59 WHOI 
X6.1 SIO X6.39 SIO X6.74 WHOI X6.S68 SIO 
X6.2 SIO X6.40 SIO X6.75 WHOI X6.S70 SIO 
X6.3 SIO X6.41 SIO X6.76 SIO X6.S80 WHOI 
X6.7 SIO X6.45 SIO X6.77 SIO X6.S81 SIO 
X6.8 SIO X6.47 SIO X6.78 SIO X6.S83 SIO 
X6.9 SIO X6.48 SIO X6.79 WHOI NV.NC27 ODP1027 
LDEO: Lamont-Doherty Earth Observatory OBS instrument, SIO: Scripps Institution of Oceanography OBS instruments, WHOI: Woods Hole 




Table 2.5. Instrument types of the offshore seismic stations used for data analysis in this study. 
 
Station Sediment thickness (km) Station  Sediment thickness (km) Station Sediment thickness (km) Station  Sediment thickness 
(km) 
7D.FN07A 3.83±0.03 X6.9 2.87±0.02 X6.48 4.40±0.08 X6.79 0.15±0.04 
7D.FN14A 3.42±0.11 X6.10 2.79±0.16 X6.50 4.55±0.07 X6.84 0.16±0.02 
7D.FN16A 2.98±0.09 X6.11 2.71±0.05 X6.51 4.98±0.02 X6.85 0.08±0.02 
7D.J25A 4.11±0.02 X6.12 2.70±0.07 X6.52 4.51±0.04 X6.S04 2.86±0.07 
7D.J33A 4.93±0.04 X6.13 2.58±0.08 X6.53 3.85±0.02 X6.S05 2.57±0.12 
7D.J34A 3.07±0.05 X6.17 2.22±0.04 X6.54 3.94±0.01 X6.S06 2.62±0.06 
7D.J35A 1.50±0.03 X6.18 2.35±0.07 X6.56 4.95±0.07 X6.S15 2.44±0.07 
7D.J36A 0.78±0.01 X6.19 2.56±0.04 X6.61 1.73±0.02 X6.S24 2.77±0.04 
7D.J42A 3.25±0.06 X6.20 2.47±0.06 X6.62 1.57±0.02 X6.S25 2.80±0.24 
7D.J43A 2.00±0.09 X6.21 2.45±0.02 X6.63 1.57±0.04 X6.S26 2.91±0.08 
7D.J44A 1.21±0.08 X6.22 2.60±0.12 X6.64 1.43±0.09 X6.S35 3.03±0.07 
7D.J50A 3.49±0.04 X6.30 2.77±0.15 X6.65 1.52±0.08 X6.S37 1.66±0.15 
7D.J51A 2.55±0.05 X6.31 2.76±0.13 X6.66 1.27±0.02 X6.S43 0.44±0.07 
7D.M07A 4.50±0.21 X6.33 3.16±0.16 X6.71 0.83±0.04 X6.S57 4.10±0.13 
7D.M08A 4.28±0.04 X6.34 3.40±0.13 X6.72 0.32±0.02 X6.S58 2.06±0.06 
NV.NC27 0.47±0.04 X6.38 1.36±0.01 X6.73 0.21±0.01 X6.S59 1.31±0.07 
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X6.1 2.76±0.10 X6.39 0.99±0.02 X6.74 0.28±0.03 X6.S68 0.40±0.07 
X6.2 2.80±0.09 X6.40 1.00±0.05 X6.75 0.32±0.02 X6.S70 0.52±0.06 
X6.3 2.83±0.05 X6.41 0.85±0.06 X6.76 0.16±0.01 X6.S80 0.11±0.01 
X6.7 3.00±0.04 X6.45 0.40±0.06 X6.77 0.22±0.02 X6.S81 0.32±0.04 
X6.8 2.52±0.04 X6.47 0.27±0.07 X6.78 0.19±0.04 X6.S83 0.18±0.03 
 







QUALITY ANALYSIS OF RAYLEIGH-WAVE EMPIRICAL GREEN’S FUNCTIONS 
OF OCEAN BOTTOM SEISMOMETERS: A COMPARISON AMONG CASCADIA, 
EASTERN NORTH AMERICAN MARGIN, AND NEW ZEALAND 
 
3.1 Abstract 
Ambient noise Rayleigh-waves extracted from ocean bottom seismic recordings have 
proven to be very useful in imaging distribution of marine sediments and seismic structures of 
oceanic crust and mantle lithosphere. Reliable seismic results rely on the data quality of ocean 
bottom seismometers deployed at ocean floors. The seismic arrays at the Cascadia subduction 
zone, the eastern North American margin, and the South Island of New Zealand, provide an 
excellent opportunity to fully investigate factors that may affect the quality of seismic data 
recordings. These three regions demonstrate strong variations in geometry and age of the ocean 
floor, water depth, sediment thickness, and ocean wave climates. In this study, we compared the 
signal quality of the fundamental-mode Rayleigh-waves, retrieved from ambient noise empirical 
Green’s functions and filtered at periods of 10-25 s, 15-35 s, and 25-50 s, respectively. We used 
the average signal-to-noise ratio from each “virtual source” to all the other receivers as a proxy 
for the waveform quality. Our quantitative analysis showed that the ratio in general decreases 
with increasing period and doesn’t strongly rely on the site conditions and instrument type. Most 
importantly, we demonstrated that the seismic array deployed offshore the South Island of New 
Zealand recorded the highest Rayleigh-wave signals in comparison with the Cascadia and the 
eastern North American margin experiments. Our comparative analysis of ambient noise in these 
three geographic locations indicates that the ocean wave climate system and bathymetric gradient 




Surface-wave ambient noise tomography has become a very popular method in the last 
decade used to constrain the crust and upper mantle structure of the Earth. It has been 
demonstrated that the surface-wave empirical Green’s functions (EGF) can be extracted from 
cross-correlation of continuous ambient noise recordings at two seismic stations (e.g., Bensen et 
al. 2007; Nishida et al., 2009; Shapiro et al., 2005). In recent years, ocean bottom seismometers 
(OBS) have been deployed at a variety of tectonic environments, such as subduction zones (IRIS 
OBSIP, 2011; Nabelek and Braunmiller, 2013; Wallace et al., 2014), transform fault systems 
(Collins et al., 2009; Nabelek and Braunmiller, 2012, 2013), mid-ocean ridges (Canales et al., 
2013; Nabelek and Braunmiller, 2013), and passive margins (Gaherty et al., 2014). 
Correspondingly, the ambient noise tomographic studies have been applied to image the offshore 
structure of the oceanic lithosphere (e.g., Bowden et al., 2016; Gao, 2016, 2018; Harmon, et al., 
2007; Lynner and Porritt, 2017; Rathnayaka and Gao, 2017; Tian et al., 2013; Yao et al., 2011; 
Yeck et al., 2017; Zha et al., 2014). Results from these studies have significantly contributed to 
our understanding of lithosphere reconstruction on the ocean side. 
 
The primary sources of ambient noise are oceanic microseisms, which mainly originate 
from winter storms in the Northern Hemisphere and summer storms in the Southern Hemisphere 
(Webb, 1998). The seasonality of oceanic microseisms thus results in temporal variations of the 
surface-wave signals extracted from seismic ambient noise (Tian and Ritzwoller, 2015; Yang and 
Ritzwoller, 2008; Yang et al., 2019). For example, Yang and Ritzwoller (2008) extracted the 
EGFs between station pairs located in North America, Europe, and Asia, and observed higher 
quality surface-wave signals in the winter season than in the summer season of the Northern 
Hemisphere. Tian and Ritzwoller (2015) analyzed the seasonal variations of the EGFs for the 
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Cascadia Initiative Amphibious array, and observed high quality EGFs during northern spring 
and winter months. A quantitative analysis of ambient noise data within the entire Cascadia 
subduction system by Yang et al. (2019) also led to the observation of seasonal variations of the 
OBS EGFs, with the peak seismic energy focused in the fall and winter months. A recent study 
by Fan et al. (2019) demonstrated that the winter storms and hurricanes in the Northern 
Hemisphere could trigger stormquakes, which may further contribute to the seasonality of the 
ambient noise seismic waveforms. 
 
Many previous studies (e.g., Bowden et al., 2016; Gao and Shen, 2015; Rathnayaka and 
Gao, 2017; Tian and Ritzwoller, 2015; Yang et al., 2019) have stated that the surface-wave EGFs 
extracted from inland station pairs have a much higher signal quality and a wider frequency range 
than those from OBSs. For continental stations, the surface-wave signal can be retrieved at 
periods up to a few hundred seconds (Bensen et al., 2007; Gao and Shen, 2014; Savage et al., 
2017). For OBS stations, the peak microseisms are recorded at periods less than 35 seconds 
(Webb, 1998). A few factors presumably contribute to the higher noise level at the oceanic 
stations, including the low-frequency oceanic infragravity waves, strong ocean bottom currents at 
shallow water, and the site conditions (such as water depth and sediment thickness) (e.g., Bell et 
al., 2015; Gomberg, 2018; Rathnayaka and Gao, 2018; Sumy et al., 2015; Tian and Ritzwoller, 
2015, 2017; Webb, 1998).  In addition, Yang et al. (2019) revealed different distribution patterns 
of the Rayleigh-wave signals between the Gorda and Juan de Fuca plates within the Cascadia 
subduction system, reflecting the fundamental differences in bathymetric gradient, seismicity 




In this study we analyzed and compared the ambient noise recordings in three geographic 
locations (Figure 3.1; see Data and Resources), including the Cascadia subduction zone, the 
Eastern North American Margin (ENAM), and the South Island of New Zealand. These three 
regions demonstrate strong variations in geometry and age of the ocean floor, water depth, and 
sediment thickness. At the young (~0-10 Ma) Cascadia subduction system, the Juan de Fuca and 
Gorda oceanic plates subduct beneath the North American continent.  The water depth varies 
from > 4000 m at the mid-ocean ridges to about 2000 m along the deformation front and less than 
100 m immediately off the coastal margin. The sediment thickness is up to 4000 m within the 
accretionary prism, within strong along-strike variations (Bell et al., 2015; Gomberg, 2018; 
Rathnayaka and Gao, 2018). In contrast, the ENAM is an old (~160-180 Ma) rifted passive 
margin on the southeastern Atlantic seafloor. Within our study area of the ENAM, the water 
depth varies within a range of 500-6000 m. This region is associated with a thick post-rifted 
sedimentary prism, where the sediment thickness varies from > 10,000 m on the continental shelf 
to < 1000 m toward the mid-Atlantic ridge (Straume et al., 2019). The South Island of New 
Zealand marks the tectonic boundary between the Pacific (~80-100 Ma) and Australian (~60-80 
Ma) plates. The water depth is up to 3000-4000 m, and the bathymetric gradient is much sharper 
offshore the western coast than offshore the eastern coast of the South Island. The thickest 
sediment is near northwest of Bounty Trough on the Pacific plate (>1500 m) and southwest of 
Challenger Plateau on the Australian plate (~ 1250 m) (Straume et al., 2019). 
 
A quantitative and comparative analysis of the ambient noise data recorded at these three 
offshore regions will allow us to systematically understand the effects of different factors on the 
surface-wave signal quality, which does not exist so far, at least to our knowledge. Our analysis 
shows that the seismic array located off the coast of the South Island of New Zealand has the 
highest data quality in comparison with the Cascadia and ENAM arrays. And the signal-to-noise 
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ratio of the Rayleigh waves decreases with increasing period for a majority of the stations. The 
distribution patterns in data quality among the Cascadia, ENAM, and New Zealand regions 
reflect the fundamental difference in ocean wave climate between the northern and southern 
oceans, as well as the interaction between the ocean waves and the coastal margins.  
  
3.3 Data and method 
Among these three study areas, Cascadia has the best data coverage (266 OBSs; Figure 
3.1a), including the Cascadia Initiative amphibious array, the Gorda deformation zone 
experiment, the Blanco transform fault experiment, and the Neptune Canada experiment (Barnes 
et al., 2008). The Cascadia Initiative amphibious array involved four phases of deployment during 
2011-2015, including 56 OBSs from the Scripps Institution of Oceanography (SIO), 98 from the 
Woods Hole Oceanographic Institution (WHOI), and 109 from the Lamont-Doherty Earth 
Observatory (LDEO). The 2013-2015 Gorda experiment deployed a total of 81 OBSs from SIO 
and LDEO, and the 2012-2013 Blanco array deployed 55 OBSs operated by WHOI. Most of the 
OBS sites of the Cascadia experiments provided continuous seismic recordings for 180-360 days 
(see Supplementary Figure 3.S.1). The Neptune Canada network involves 3 OBSs, which have 
been operating since 2009. 
 
The ENAM community seismic experiment deployed 30 WHOI-type OBSs during April 
2014-April 2015 off the coast of North Carolina, USA (Figure 3.1b). The data were recovered for 
all the 30 instruments, which provided continuous data recordings for approximately one year 
(see Supplementary Figure 3.S.1). The MOANA (Marine Observations of Anisotropy Near 
Aotearoa) seismic array deployed 30 SIO-type instruments on the Australian and Pacific plates 
off the coast of the South Island of New Zealand (Figure 3.1c), operating from January 2009 to 
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February 2010. The station NZ01 malfunctioned throughout the entire deployment period and the 
station NZ15 was trawled up by a fishing vessel in June/July 2009 (Collins et al., unpublished 
MOANA recovery cruise report, 2010). The station NZ17 was washed ashore at an unknown date 
and no data were recovered (Yang et al., 2012). Therefore, we excluded these three stations from 
further data quality analysis (white triangles in Figure 3.1c). The rest of the MOANA OBS sites 
recorded continuous seismic data for about 360 days on average (see Supplementary Figure 
3.S.1). 
 
The empirical Green’s functions (EGFs) between each station pairs in Cascadia are 
available from Gao (2016, 2018) and Rathnayaka and Gao (2017), which were quantitatively 
analyzed by Yang et al. (2019). We thus only extracted the EGFs for the New Zealand and 
ENAM station pairs, with the same data processing procedures as Gao (2016, 2018). The vertical-
component continuous data were obtained through the Data Management Center of the 
Incorporated Research Institution for Seismology. Prior to the daily cross-correlation of the 
vertical-to-vertical components between each station pair, we removed the instrument response, 
resampled the data into a uniform sample rate of 2 points per second, normalized the ambient 
noise data (Ekstrom et al., 2009; Shen et al., 2012), and removed the time segments associated 
with large earthquakes (M>5). The EGFs were recovered as the negative time derivatives of the 
stacked cross-correlations (see examples in Figure 3.2).  
 
In order to quantify and compare the EGF signals among these three selected areas, we 
defined the frequency-dependent signal-to-noise ratio of the fundamental-mode Rayleigh-waves 
(Figure 3.3). The signal is defined as the maximum amplitude of the signal within the specified 
time window (defined by approximate wave group velocities) and the noise is referred to as the 
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maximum standard error of the mean of the monthly EGFs within the same window. In our 
analysis, we filtered the EGFs at 10-25 s, 15-35 s, and 25-50 s, respectively, considering that the 
primary period range for the oceanic microseisms is 10-50 s (Nishida, 2017). In order to 
minimize the asymmetric effect of the EGFs, we first calculated the signal-to-noise ratios of the 
positive and negative segments, separately, for each station pairs at each period band. The 
average signal-to-noise ratio between a station pair is defined as the average of the positive- and 
negative-side signal-to-noise ratios. In order to observe reliable surface-wave signals, we require 
the minimum signal-to-noise ratio to be 3, and the inter-station distance between two stations to 
be at least one wavelength (Luo et al., 2015). 
 
In order to reduce seasonal variation of surface-wave EGFs as observed (Bensen et al., 2007; 
Tian and Ritzwoller, 2015; Yang and Ritzwoller, 2008; Yang et al., 2019), we require at least 6-
month data cross-correlations between the station pairs. Bensen et al. (2007) showed that the 
signal-to-noise ratio on average increases with the number of months used to extract EGFs. Yang 
et al. (2019) further demonstrated that for most of the Cascadia OBS stations the signal-to-noise 
ratios become relatively stable after approximately 6 months of data stacking. With this criterion, 
we excluded 8 OBS stations in the Cascadia region (white circles and a triangle in Figure 3.1a) 
for further analysis. In this study, we also observed a lack of dependence of signal-to-noise ratio 
on the time-series length for the Cascadia OBSs at periods of 10-25 s and 15-35 s. At 25-50 s, the 
signal-to-noise ratio slightly increases with the increasing number of months (Supplementary 
Figure 3.S.2). The EGFs between all the station pairs within the ENAM and New Zealand regions 
were produced from approximately 12-month data stacking (Supplementary Figure 3.S.1). Ball et 
al. (2016) observed consistent Rayleigh wave signals over the duration of the MOANA 
experiment, which encompassed both austral summer and winter cycles, indicating minimal 
seasonal variation of the New Zealand EGFs. Similarly, our analysis of the signal-to-noise ratio 
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of single monthly-stacked EGFs for New Zealand receivers also didn’t show any clear seasonal 
effect over the duration of the experiment (Supplementary Figure 3.S.3). In total, we included 




Our calculation showed that in Cascadia, 35%, 30%, and 15% of the total EGFs pass the 
signal-to-noise ratio ≥ 3 criteria at periods of 10-25 s, 15-35 s, and 25-50 s, respectively; 65%, 
63%, and 46% for ENAM; and 99%, 96%, and 62% for the New Zealand region, respectively. 
This indicates that the Rayleigh-wave EGF signal generally decreases with increasing period, and 
the data quality of the New Zealand MOANA array is statistically better in comparison with the 
Cascadia and ENAM stations. We then calculated the average signal-to-noise ratios of the EGFs 
from each station (that is, the virtual source) to all the others, whose distribution pattern further 
supports our observations (Figures 3.4-3.7 and Supplementary Figures 3.S.2 and 3.S.4). More 
specifically, the average signal-to-noise ratio in Cascadia decreases from a range of 3.0-10.4 at 
10-25 s to 3.0-8.6 at 15-35 s and 3.0-7.8 at 25-50 s (Figures 3.4 and 3.7). The ratios demonstrate a 
more complex distribution pattern within the Gorda plate than within the Juan de Fuca plate 
(Figure 3.4), as previously observed by Yang et al. (2019). In addition, we noticed that stations 
located between the trench and the coastline have extremely low signal-to-noise ratios (less than 
3) at all period ranges (white dots in Figure 3.4). The average signal-to-noise ratios of the ENAM 
experiment vary within a very narrow range, that is, from 3.2-5.6 at 10-25 s to 3.1-5.5 at 15-35 s 
and 3.3-4.2 at 25-50 s (Figures 3.5 and 3.7). Three ENAM stations, including YO.X01, YO.B01, 
and YO.C01 (white diamonds in Figure 3.5), have extremely low signal-to-noise ratios (less than 
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3) at all period ranges. The average signal-to-noise ratio of the MOANA array decreases from a 
range of 5.2-14.6 at 10-25 s to 4.3-10.6 at 15-35 s and 3.5-8.0 at 25-50 s (Figures 3.6 and 3.7).   
 
In order to decipher what factor(s) may contribute to the observed difference in data 
quality among these three regions, we analyzed the distribution patterns of the average signal-to-
noise ratios in terms of the instrument type (Figure 3.7), water depth (Figure 3.8a-3.8c and 
Supplementary Figure 3.S.5a-3.S.5c), and sediment thickness (Figure 3.8d-3.8f and 
Supplementary Figure 3.S.5d-3.S.5f). First, the data quality doesn’t seem to heavily rely on the 
types of the instrument used to record the ambient noise seismic waveforms. The SIO-type 
instruments were deployed offshore New Zealand (black triangles in Figure 3.7) and part of the 
Cascadia region (green triangles in Figures 3.1a and 3.7), where the signal-to-noise ratios of the 
MOANA array are on average 1.94 and 1.64 times higher than the ratios at the Cascadia sites at 
10-25 s and 15-35 s, respectively. At 25-50 s, the data quality of the MOANA and Cascadia 
arrays is comparable to each other. The WHOI-type instruments provide the HHZ channel 
recordings in ENAM (blue diamonds in Figure 3.7) and BHZ and HHZ channels in Cascadia (red 
diamonds in Figures 3.1a and 3.7). We compared the signal-to-noise ratio of the WHOI 
instruments that were deployed at a similar time period in Cascadia (July 2014 to May 2015) and 
ENAM (April 2014 to March 2015). Our results (Supplementary Figure 3.S.6) showed that, 
statically the BHZ stations in Cascadia have higher signal-to-noise ratios compared to the HHZ 
stations in Cascadia and ENAM, and the HHZ stations in Cascadia have relatively higher signal-
to-noise ratios than in ENAM. A comparison of the three types of instruments in Cascadia (Figure 
3.7) demonstrated relatively higher and lower signal-to-noise ratios at the WHOI (red diamonds) 
and LDEO (magenta circles) instruments, respectively, especially at 10-25 s and 15-35 s periods 




Secondly, we don’t observe a uniform correlation pattern between the average signal-to-
noise ratio and site conditions (that is, water depth and sediment thickness) among these three 
regions (Figure 3.8). The water depths at each instrument site were obtained through the Data 
Management Center of the Incorporated Research Institution for Seismology. The sediment 
thickness distribution in these three regions came from different sources. A few previous studies 
in Cascadia (Bell et al., 2015; Gomberg, 2018; Rathnayaka & Gao, 2018) had estimated the 
sediment thickness at each OBS site, which we compiled and used in this analysis. For the 
ENAM and New Zealand regions, we used the global sediment data that were recently compiled 
by Straume et al. (2019). We noticed that in Cascadia, the average signal-to-noise ratio decreases 
slightly with decreasing water depth and increasing sediment thickness at all periods (Figure 8; 
Yang et al., 2019). This trend appears to be more clear for the WHOI- and SIO-type instruments 
(Supplementary Figure 3.S.5). In contrast, we don’t observe a strong correlation of the average 
signal-to-noise ratio with water depth and sediment thickness at the ENAM and New Zealand 
regions (Figure 3.8). Most of the New Zealand MOANA sites were located at shallow water 
(549-1727 m) and atop a thin sedimentary layer (295 m to 1360 m), with the average signal-to-
noise ratios varying within a wide range (an average of 11 and 8.8 at periods of 10-25 s and 15-35 
s), making it difficult to observe a relation between the signal-to-noise ratio and site conditions. 
There are three deep-water stations (over 3800 m) with an average signal-to-noise ratio of ~8.9 at 
periods of 10-25 s and 15-35 s. One exception is that at 25-50 s, we observed a slight increase in 
the average signal-to-noise ratio (from 3.5 to 8.0) with increasing water depth (black triangles in 
Figure 3.8c; Supplementary Figure 3.S.7). The average signal-to-noise ratios at the ENAM 
receivers fall within a very narrow range (blue diamonds in Figure 3.8), even though the water 






Our data analysis demonstrated that the average signal-to-noise ratio decreases with 
increasing period for a majority of seismic stations located offshore the Cascadia, ENAM, and 
New Zealand regions (Figure 3.7), with the peak energy recorded at periods of 10-25 s. The 
frequency dependence of ambient noise signal has also been previously observed (e.g., Bensen et 
al., 2007; Yang et al., 2019). This is not surprising, considering that oceanic microseism, whose 
peak energy is at periods shorter than 33 s (Webb, 1998), is the primary source of ambient noise 
(Tian and Ritzwoller, 2017; Yang and Ritzwoller, 2008). The presence of low-frequency oceanic 
infragravity waves can further contaminate the vertical-component of the seismic recordings at 
periods longer than 30 s (e.g., Nishida, 2017; Tian and Ritzwoller, 2017; Webb, 1998, 2008; 
Yang et al., 2012). 
 
One most important observation of this study is that the New Zealand offshore region has 
recorded the highest Rayleigh-wave signals in comparison with Cascadia and ENAM (Figures 
3.4-3.6 and Supplementary Figure 3.S.4), especially at a period range of 10-35 s. A few previous 
studies showed that the OBS ambient noise data quality partly relies on site conditions such as 
sediment thickness and water depth (e.g., Gomberg, 2018; Rathnayaka and Gao, 2018; Tian and 
Ritzwoller, 2015; Yang et al., 2019). In fact, we did observe a slight increase of the average 
signal-to-noise ratio at 25-50 s with increasing water depth for the New Zealand receivers, and a 
correlation of the signal-to-noise ratio with water depth and sediment thickness in Cascadia. 
Furthermore, most Cascadia and ENAM stations that have extremely low signal-to-noise ratios 
(less than 3; Figure 3.7) are located atop thick sediments at relatively shallow water regions. 
Gomberg (2018) showed that the resonance of seismic waves can be trapped within thick 
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sediments, and thus can contaminate the seismic signals. Nevertheless, in general we don’t 
observe a strong correlation of the data quality with water depth and sediment thickness among 
these three regions (Figures 3.8). For example, the average signal-to-noise ratios at the ENAM 
array are within 3-5, while the water depth ranges at 1300-5300 m and the sediment thickness at 
2000-7450 m. The low data quality could presumably be due to the shortage of coastal reflection 
along the ENAM as suggested by Ardhuin et al. (2011).  
 
We suggest that the variation of the ocean climate systems is a primary factor that 
directly influences the ambient noise Rayleigh-wave signals. A strong correlation between 
temporal variation of ocean wave and microseism spectra has been previously observed (e.g., 
Kibblewhite and Ewans, 1985; Tindle and Murphy, 1999). The peaks in seismic significant wave 
height coincided with peaks in the ocean significant wave height for the prevailing westerly 
winds (Tindle and Murphy, 1999). The westerlies are particularly strong in the Southern 
Hemisphere. The ocean wave climate models (e.g., Gorman et al., 2003) revealed that New 
Zealand’s ocean wave climate is one of the most energetic on Earth, generated by strong westerly 
winds originating in the Southern Ocean and occasional ex-tropical cyclones from the north.  This 
may result in a highly energetic ambient noise wave field (Petersen et al., 2011; Rastin et al., 
2012), and thus the high-quality Rayleigh-wave signals observed offshore New Zealand. 
Furthermore, the interaction of ocean waves in the Southern Ocean with the Antarctic Peninsula, 
islands, and icebergs are also predicted to generate powerful seismic noises (Ardhuin et al., 
2011), which would eventually be recorded as higher-energy surface-wave signals by the New 




In addition to the highly energetic ocean climate system, the unique tectonic setting 
around the New Zealand region makes it an excellent location to elicit high-energy ambient 
noises. Bromirski and Duennebier (2002) suggested that shoaling of deep-water ocean waves on 
the continental shelf, where it is shallower than one quarter of the deep-water wavelength, makes 
the biggest contribution to microseism energy. The wide continental shelves expanding across the 
Challenger and Campbell plateaus of New Zealand provide an excellent environment for the 
interaction of deep-water ocean wave with the ocean floor, and therefore likely generates the 
primary microseism up to 20 s periods (Behr et al., 2013). Furthermore, the presence of steep 
and/or narrow continental shelves on the west and northeast flanks of the South Island and on the 
north and east flanks of the North Island allows moderate- to long-period ocean swells to expand 
their energy, which can also contribute to the high seismic energy in New Zealand (Behr et al., 
2013; Pickrill and Mitchell, 1979).    
 
3.6 Conclusion 
In this study, we quantitatively compared the signal quality of Rayleigh waves extracted 
from ambient noise seismic recordings between two ocean bottom seismometers located offshore 
of the west and east coasts of the United States in the Northern Hemisphere and the South Island 
of New Zealand in the Southern Hemisphere. Our analysis demonstrated that the average signal-
to-noise ratios at each New Zealand site are statistically higher in comparison with the Cascadia 
and ENAM sites. The ambient noise data quality at some ocean bottom seismometers may be 
affected by instrument type, water depth, and sediment thickness. However, our systematic 
analysis suggested that the fundamental difference of ocean wave climate systems between the 
Southern and Northern Hemispheres plays a major role in determining and contributing to 
ambient noise sources and thus the signal quality. The availability of high-quality Rayleigh-wave 
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signals at periods of 25-50 s, up to an inter-station distance of 1000 km, offshore the South Island 
of New Zealand and the Cascadia subduction system will allow us to image the seismic structure 
of the oceanic lithosphere down to at least 75 km depth (e.g., Ball et al., 2016; Gao, 2016). The 
model resolutions on the oceanic side can be further improved by integrating onshore and 
offshore seismic ambient noise data (e.g., Ball et al., 2016; Gao, 2018). In contrast, due to the 
lack of Rayleigh-wave signals at longer periods in the ENAM region, the depth resolution of the 





Figure 3.1. Distribution of ocean bottom seismometers used in this study, including (a) the 
Cascadia subduction system, (b) the eastern North American margin, and (c) the South Island of 
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New Zealand. The triangles represent instruments from Scripps Institution of Oceanography 
(SIO), diamonds from Woods Hole Oceanographic Institution (WHOI), circles from Lamont-
Doherty Earth Observatory (LDEO), and squares from Neptune Canada (NV). The white dots and 
white triangles in (a) and (c) mark stations that weren’t used in this study. The bathymetry data 




Figure 3.2. Examples of Rayleigh-wave empirical Green’s functions (EGFs), derived from 
ambient noise cross-correlations, in Cascadia (left column), eastern North American margin 
(middle column), and New Zealand (right column). The data are filtered at periods of 10-25 s (top 





Figure 3.3. Definition of the frequency-dependent signal-to-noise ratio at periods of (a) 10-25 s, 
(b) 15-35 s, and (c) 25-50 s. The empirical Green’s functions at positive and negative lag times, 
retrieved from stacked cross-correlations, are displayed as thick blue and red lines, respectively. 
Each black trace represents an empirical Green’s function extracted from monthly-stacked cross-
correlations (totally 12 months). The signal-to-noise ratio (SNR) is defined as the maximum 
amplitude within the signal window (the vertical dashed lines) divided by the maximum standard 
error of the mean of the monthly empirical Green’s functions, and the average of the values for 





Figure 3.4. Distribution of the average signal-to-noise ratio from each “virtual” source to all the 
other receivers, with the Rayleigh-wave empirical Green’s functions filtered at 10-25 s (a), 15-35 
s (b), and 25-50 s (c) in the Cascadia subduction system. The triangles represent SIO-type 
instruments, diamonds for WHOI-type instruments, circles for LDEO-type instruments, and 
squares for the Neptune Canada network.  
 
Figure 3.5. Distribution of the average signal-to-noise ratio from each “virtual” source to all the 
other receivers in the eastern North American margin, with the Rayleigh-wave empirical Green’s 





Figure 3.6. Distribution of the average signal-to-noise ratio from each “virtual” source to all the 
other receivers off the coast of the South Island of New Zealand, with the Rayleigh-wave 
empirical Green’s functions filtered at (a) 10-25 s, (b) 15-35 s, and (c) 25-50 s. The triangles 
represent SIO-type instruments. 
 
Figure 3.7. Distribution of the average signal-to-noise ratio vs. period for different types of 
instruments in the Cascadia subduction system (CAS), the eastern North American margin 
(ENAM), and New Zealand (NZ). The black and green triangles represent SIO-type instruments 
deployed offshore New Zealand and Cascadia, respectively. The blue and red diamonds are the 
WHOI-type instruments deployed at the ENAM and Cascadia regions, respectively. Magenta 
circles represent the LDEO-type instruments and cyan squares for the Neptune Canada network 




Figure 3.8. Distribution of the average signal-to-noise ratio (>=3) versus water depth (left 
column) and sediment thickness (right column). The top, middle, and bottom panels show the 
average ratio of the Rayleigh-wave empirical Green’s functions calculated at periods of 10-25 s, 
15-35 s, and 25-50 s, respectively. The red dots, blue diamonds, and black triangles represent 
stations in Cascadia, ENAM, and New Zealand, respectively. The water depths at each site are 
obtained through the Data Management Center of the Incorporated Research Institution for 
Seismology. The sediment thickness for the New Zealand and ENAM regions are from Straume 
et al. (2019), and from Bell et al. (2015), Gomberg (2018), and Rathnayaka & Gao (2018) for the 
Cascadia receivers. 
 






Figure 3.9. Distribution of the number of stations vs. number of months of data recordings for the 
Cascadia (red circles), eastern North American margin (blue squares), and New Zealand stations 
(black triangles). 
 
Figure 3.10. Distribution of the average signal-to-noise ratio with the time-series length used to 
produce the stacked empirical Green’s functions in the Cascadia subduction system. The EGFs 
are filtered at 10-25 s, 15-35 s, and 25-50 s, respectively. The black triangles, blue diamonds, red 
diamonds, green triangles, magenta circles, cyan squares, and magenta squares represent the 
number of nominal months, 6, 7, 8, 9, 10, 11, and 12 or more months, respectively, which are 30-





Figure 3.11. (a) Distribution of the virtual sources (black triangles) and the receiver (NZ06; 
magenta triangle). (b)-(d) Temporal variations of the signal-to-noise-ratio of single monthly-
stacked EGFs, filtered at 10-25 s, 15-35 s, and 25-50 s, respectively. The magenta dots represent 
the signal-to-noise ratios estimated from 26 different virtual sources to the receiver ZU.NZ06. 
The green triangles represent the average signal-to-noise ratios. The horizontal axis is the 




Figure 3.12. Distribution of the average signal-to-noise ratio vs. period for instruments in the 
Cascadia subduction system (red circles), ENAM (blue squares), and New Zealand (black 





Figure 3.13. Distribution of the average signal-to-noise ratio (>=3) versus water depth (left 
column) and sediment thickness (right column). The top, middle, and bottom panels show the 
average ratio of the Rayleigh-wave empirical Green’s functions calculated at periods of 10-25 s, 
15-35 s, and 25-50 s, respectively. The black and green triangles represent instruments from 
Scripps Institution of Oceanography (SIO), which were deployed at the New Zealand and 
Cascadia sites, respectively. The blue and red diamonds are the WHOI-type instruments, which 
were deployed at the ENAM and Cascadia sites, respectively. The magenta circles are for LDEO-
type instruments, and cyan squares for Neptune Canada (NV) that were deployed in Cascadia. 
The water depth values at each site were obtained through the Data Management Center of the 
Incorporated Research Institution for Seismology. The sediment thickness datasets are from 
Straume et al. (2019) for the New Zealand and ENAM regions, and from Bell et al. (2015), 
Gomberg (2018), and Rathnayaka & Gao (2018) for the Cascadia receivers. 
 
 
Figure 3.14. Distribution of the average signal-to-noise ratio vs. period for the WHOI-type 
stations that were deployed at a relatively similar time period in the Cascadia (July 2014 to May 
2015) and ENAM (April 2014 to March 2015) sites. The blue, red, and green diamonds represent 
the WHOI-type instruments with HHZ channels at the ENAM site, BHZ channels at the Cascadia 
site, and HHZ channels at the Cascadia site, respectively. The EGFs are filtered at 10-25 s, 15-35 





Figure 3.15. Distribution of the average signal-to-noise ratio vs. water depth at the New Zealand 
receivers. The EGFs are filtered at 10-25 s, 15-35 s, and 25-50 s, respectively. The black and blue 
triangles illustrate receivers located offshore the east and west coasts, respectively. The magenta 
dashed outline marks the general increasing of the ratio with the increasing water depth at periods 









SEISMIC STRUCTURES OF THE CRUST AND UPPER MANTLE IN NEW ZEALAND 
FROM FULL-WAVE AMBIENT NOISE TOMOGRAPHY 
4.1 Abstract  
The plate tectonics in New Zealand are highly complicated, including subduction of the 
Pacific plate beneath the Australian plate, strike-slip motion between the two plates, and 
subduction of the Australian slab under the Pacific slab. The deformation and (de)hydration of the 
downgoing tectonic plates, as well as the seismic/tsunami/volcanic hazards, in this region are not 
fully understood, partly due to a lack of combined studies of onshore and offshore data. In order 
to address these questions, we developed a 3-D high-resolution shear wave velocity model 
beneath the North and South Islands of New Zealand, extending from offshore to onshore, with 
the use of full-wave ambient noise tomographic method. We extracted the empirical Green’s 
functions from continuous seismic records on the vertical components between each station pair 
for a total of ~280 broadband stations. High-quality Rayleigh-wave signals within periods of 5-
150 s were obtained. We simulated wave propagation within a 3D earth structure using a finite 
difference method to generate station Strain Greens Tensors and synthetic waveforms. The phase 
delays of Rayleigh-waves between the observed and synthetic data are measured at multiple 
period ranges. We then inverted for the velocity perturbations from the reference model, and 
progressively improved the model resolution. Our tomographic results show: (1) Low shear wave 
velocities beneath the volcanic fields (Egmont, Taupo volcanic zone, Bay of Island, Whangarei, 
and Auckland), indicating shallow magma reservoirs; (2) Seismic lows atop the plate interface 
beneath the North Island forearc, indicating fluid-rich sediments subducted and overthrusted at 
the accretionary wedge; (3) Low shear wave velocities within and above the subducted Pacific 
oceanic crust and beneath the Murchison basin area, indicating dehydration of the Pacific slab; 
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(4) High shear wave velocity patches at the depths of 35-100 km beneath South Island, indicating 
segmentation of the Pacific slab; and (5) Relatively low shear wave velocities at 100-200 km 
depths beneath South Island, indicating possible asthenospheric upwelling. Our full-wave 
tomographic model provides new constraints on our understanding of plate deformation, 
(de)hydration, slab segmentation, and asthenospheric upwelling beneath the New Zealand region.  
 
4.2 Introduction 
The north and south islands of New Zealand are located at the edge of both the Australian 
and Pacific tectonic plates and provide one of the few places on earth where the tectonic plate 
boundary is present on land. The New Zealand region encompasses three different tectonic 
environments. To the northeast of New Zealand, and underneath North Island, the Pacific plate 
subducts beneath the Australian plate at an average rate of 4 cm/yr [DeMets et al., 2010], with a 
well-defined Benioff zone and deep to intermediate depth seismicity [Eberhart-Phillips, 2010 & 
2013; Kohler and Eberhart-Phillips, 2002 & 2003]. In Fiordland to the south, the oceanic 
lithosphere of the Australian plate subducts obliquely beneath the Pacific plate at the Puysegur 
Trench with an average rate of 3.5 cm/yr [DeMets et al., 2010]. These regions are connected 
along the west coast of South Island with the right-laterally slip (3.8 cm/yr average slip rate 
[DeMets et al., 2010]) transform plate boundary and the surface expression of it known as Alpine 
Fault.  
 
Much work has been done to understand the tectonic evolution, deformation and down 
going plate (de)hydration beneath the North and South Islands of New Zealand. However, very 
little is known about the offshore processes due to lack of combined studies of onshore and 
offshore data. Thus, tectonic events such as plate-scale deformation and onshore-offshore 
velocity structures are not well understood across the plate boundaries. In this study, we construct 
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a high-resolution three-dimensional shear wave velocity model beneath the North and South 
Islands of New Zealand, extending from offshore to onshore, from crust down to the uppermost 
mantle using full-wave ambient noise tomographic method. The incorporation of ocean bottom 
seismometers greatly increases the array aperture to interrogate both the onshore and offshore 
portions of New Zealand, resulting in high resolution shear wave models for the offshore 
Campbell and Challenger Plateaus, Bounty Trough, Taranaki Bright, and Bay of Plenty. 
 
4.3 Tectonic Settings and Previous Studies 
New Zealand was once part of Gondwana [Eberhart-Phillips et al., 2018] and the 
Hikurangi Plateau that underlies much of the New Zealand [Reyners et al., 2017] is believed to be 
a part of Ontong Java, which is the largest igneous province on Earth [Eberhart-Phillips et al., 
2018]. After formation of this large igneous province around ~120 Ma, the Hikurangi plateau 
rifted from it and separated due to seafloor spreading at Osborn Trough [Taylor, 2006]. The 
southward drift of Hikurangi plateau began to subduct beneath the Gondwana convergent margin 
at ~105 Ma and it ceased ~100 Ma as a result of clockwise rotation of the plateau until the 
southern edge of the plateau was parallel to the subduction strike (See Figure 4.1a).  The blocking 
of Gondwana margin by the plateau may have led to the detached subducted oceanic crust at ~85 
Ma and that initiated the northward rifting of the New Zealand (Zealandia) continent from the rest 
of Gondwana [Eberhart-Phillips et al., 2018]. The Bounty Trough is the remnant of a late 
Cretaceous (failed) rift in the eastern New Zealand continental margin, formed as a result of sea 
floor spreading at the time when Zealandia separated from Antarctica before 85 Ma [Carter et al., 
1994]. The seismic stratigraphy of the Bounty Trough consists of Cretaceous rift-fill sediments 
followed by deepening latest cretaceous to Palaeogene marine facies to Neogene biopelagic facies 




At around 53 Ma, the modern subduction system was created and increases in westward 
slab pull propagated subduction southwards into northern New Zealand. To the south of New 
Zealand, Emerald Basin opening started at 45 Ma [Sutherland, 1995]. By 25 Ma, extensive trench 
rollback and backarc opening had occurred in the north of New Zealand (See Figure 4.1b). The 
resistance to subduct thick and buoyant Hikurangi plateau, trench roll back on north, and 
extension in Emerald basin in the south may have led to the conditions that promoted 
development of the Alpine fault (See Figure 4.1c). By ~10 Ma, the western edge of the plateau 
became parallel to the strike of the subduction zone and the current episode of the subduction 
began [Reyners, 2013]. Later around 7.4-6.4 Ma, the strike slip motion of the Marlborough fault 
system in the northeastern South Island was initiated (See Figure 4.1d). The present day plate 
configuration is shown in Figure 4.2.         
 
Much work has been done to understand the seismic structures and volcanic/seismic 
hazards beneath the North Island of New Zealand. The plate margin in this region has 
experienced large magnitude earthquakes [Kanamori, 1972], some accompanied by tsunamis 
[Doser and Webb, 2003; Kanamori, 1972], and slow slip events (SSEs) [Wallace and Beavan, 
2010]. Wallace and Beavan, [2010] noted shallow (depths <15 km) and deep (depth within 30-60 
km) SSEs beneath onshore and offshore North Island that had occurred adjacent to a locked 
portion of the plate interface, which are believed to be formed as a result of elevated pore fluid 
pressure. The subducted seamounts, intense fracturing from bending stresses generating normal 
faults that acting as fluids pathways, and underthrusting of a thick pile of fluid rich sediments are 
proposed to increase pore fluids pressures [Yarce et al., 2018]. Seismic reflection data beneath the 
offshore east coast of North Island revealed fluid rich sediments that have been entrained with 
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subducting seamounts [Bell et al., 2010]. The recent study by Yarce et al. [2018] revealed the 
seismicity gap near the Northern Hikurangi margin, which occurs as a result of locked patch of 
the slab interface.  
 
Eberhart-Phillips and Bannister, [2015] developed a 3-D Vp and Vp/Vs models for the 
northern part of North Island and noted low velocity zone (Vp~7.5 km/s) within the forearc 
mantle wedge, which is interpreted as a serpentinization. Moreover, Reyners et al. [2011] 
evaluated the bottom edge of the subducted Hikurangi Plateau and noted that the values vary 
from 50-100 km from north to south beneath North Island. A seismic reflection study across the 
Wellington region by Stern et al. [2015] observed a seismic reflector at a depth greater than 90 
km, which is interpreted as a ‘lithospheric asthenospheric boundary’ (LAB).       
 
The active volcanoes in the continental arc (e.g., Taupo Volcanic zone) and back arc 
regions (e.g., Egmont, Auckland, Whangarei, and Kaikohe volcanic fields) are one of the 
prominent features in North Island. The shallowest structure of some of the volcanic fields (e.g., 
Egmont and Taupo volcanic fields) are evaluated by using wide-angle seismic imaging [Stern and 
Benson, 2011] and 3-D models of the P-wave velocity, the ratio of P-to S-wave velocity (Vp/Vs), 
and the P-wave quality factor (Qp) [Sherburn et al., 2006] and noted low Vp (< 4 km/s) with high 
Vp/Vs (≥1.9), which are attributed to thick, unconsolidated, water-saturated sediments. Some 
seismic studies (e.g., Behr et al., 2010,2011; Ensing et al., 2017; Heise et al., 2010; Horspool et 
al., 2006) imaged low velocity features within the crust beneath the volcanic fields and other 
studies (e.g., Stern and Benson, 2011) imaged low velocity anomaly at a depth greater than ~32 
km beneath the Taupo volcanic fields, which was interpreted as an indicator of melt that possibly 
derived in the upper mantle. However, none of the above studies are able to image fluids/melt 
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propagation path from downgoing slab to lower to middle crustal levels beneath any volcanic 
fields. In addition, a 3-D electrical resistivity [Heise et al., 2010] and a Vp model [Bannister et 
al., 2015] beneath the Taupo volcanic field revealed high resistivity fragments within the upper 
10 km, which were interpreted as solidified melts.              
 
Many studies have been performed to understand the velocity structure and seismic 
hazards beneath the South Island of New Zealand.  The Alpine fault marks the plate boundary 
between the Pacific and the Australian plates. Towards the North Island, this strike-slip fault 
splays into few faults (Marlborough fault systems), which transfer slip between the Hikurangi 
subduction zone and Alpine fault [e.g., Zinke et al., 2018]. The magnetotelluric (MT) study 
across the Marlborough fault system by Wannamaker et al. [2009] imaged low resistivity patches 
within the middle to lower crust and noted some of them extended towards the subducting slab 
interface. Wannamaker et al. [2009] interpreted these low resistivity anomalies as deep 
subduction-generated fluids that rise from 100 km or more and invade into the crust.  The 
continuous accumulation of fluids beneath the major strike slip faults in Marlborough fault 
system may elevate the pore fluid pressure, which can trigger earthquakes on high-angle thrusts 
[Wannamaker et al., 2009] and might affect the variation of the strike slip rates among faults 
[Zinke et al., 2018].  
 
The vertical extent of the Alpine fault beneath the central South Island is not well known. 
Some studies (e.g., Norris and Toy, 2014; Walcott, 1998) suggested the fault transitions at depth 
into a steep shear zone extending into the bottom of the Pacific slab and other models (e.g., Lamb 
et al., 2015; Eberhart-Phillips et al., 2018) proposed that the fault plane dips into the 
northwestward direction. The S to-P receiver function analysis across the Alpine fault by Hua et 
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al. [2018] also showed weak connection between Australian and Pacific lithosphere. However, 
this study noted Moho at a depth of 40-50 km around the Alpine fault and LAB at ~80-100 km 
beneath the Pacific plate and ~100 km beneath the Australian plate. In addition, MT study across 
the Southern Alps of the central South Island by Wannamaker et al. [2002] imaged a deep crustal 
(~20-40 Km) conductor under the Southern Alps, which was interpreted to represent a volume of 
fluids arising from prograde metamorphism within a thickening crust. Moreover, a crustal root 
underlying the Southern Alps extends to depths of ~35-50 km [Davey et al., 2007; Eberhart-
Phillips et al., 2018].    
 
Few studies have been performed to understand the offshore structures around the South 
Island of New Zealand. Yeck et al. [2017] imaged fast-to slow to fast group velocities from 
offshore east to west across the South Island within ~ 0-20 km depth. Moreover, a similar study 
had imaged the low group velocity (< 2 km/s) patch down to ~ 15 km at the offshore east coast 
and another low group velocity (< 2.4 km/s) within similar depth beneath the Canterbury basin is 
also imaged by Lin et al. [2007]. These two anomalies were interpreted as a thick sediment 
accumulation. In addition, low shear wave velocity (Vs < 4.2 km/s) anomaly is observed at a 
depth ~ 100 km beneath Canterbury basin by Ball et al. [2016] and was interpreted as upwelling 
asthenosphere/detached lithosphere.    
 
The southern edge of the South Island marks another convergence zone where the Australian 
plate subducts beneath the Pacific plate. Reyners et al. [2017] used earthquake locations to locate 
the geometry of the subducted Australian plate and noted that the slab is twisted to the northeast 
(040°) and is vertical below 75 km beneath the Fiordland. Moreover, the western edge of the 
Hikurangi plateau lies below the central and northern Fiordland [Eberhart-Phillips et al., 2010] 
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where it impacts the geometry of the subducting Australian plate [Reyners et al., 2017]. The 
recent study with geologic mapping and 40Ar/39Ar age dates by Klepeis et al. [2019] showed 
uplifted Cretaceous lower crust into the shallower depth that was interpreted as a direct 
consequence of a Late Miocene collision between the leading edge of the subducting Australian 
plate with the previously subducted Hikurangi Plateau crust.   
 
4.4 Data and Methods 
We used full-wave ambient noise tomography method to generate our preferred shear 
wave velocity model. The steps include extraction of empirical Green’s functions (EGFs) from 
continuous ambient noise data, finite-difference wave propagation simulation, measurement of 
phase delays between observed and synthetic waveforms, calculation of sensitivity kernels, and 
tomographic inversion for velocity perturbations, involved with our method fully described by 
Gao and Shen [2012, 2014] and are only briefly summarized here.  
 
4.4.1 Extraction of empirical green’s functions  
To extract EGFs between each station pair, we process the vertical component of 
continuous seismic data of 280 stations recorded during the period of January 1996 to October 
2018 (see Figure 4.2 for station locations). About 44 of these stations are the ocean bottom 
seismometers from the Marine Observations of Anisotropy (MOANA) seismic experiment (ZU) 
and the Hikurangi Ocean Bottom Investigation of Tremor and Slow Slip (HOBITS) deployment 
(YH). The inland stations are from several seismic networks, including the Taranaki (YO), the 
Start (XH), the Marlborough New Zealand short-period arrays (XB), the constraining mantle 
rheology, mantle flow, and crust/mantle coupling beneath New Zealand (Y3), the Darfield RAMP 
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aftershock deployment (4A), the Wisconsin, New Zealand and Rensselaer deployment (ZT), the 
New Zealand seismic experiment (XU), the Alpine fault seismic array (YR), the deep geothermal 
“hotter and deeper” seismic array (Z8), the deployment for the Southern Cook Strait earthquake 
sequence (YG), the seismic triggering response for earthquakes around Wellington (Z1), the 
back-arc rifting in New Zealand (YA), the New Zealand national seismograph network (NZ), and 
the global seismograph network (IU). All the seismic data are obtained through the Data 
Management Center of the Incorporated Research Institution for Seismology and the Geological 
hazard information for New Zealand (GeoNet).  
 
Prior to the daily cross-correlation of the vertical-to-vertical components between each 
station pairs, we removed instrument response, resample the data into a uniform sample rate of 2 
points per second, normalized ambient noise data [Ekström et al., 2009; Shen et al., 2012], and 
removed time segments associated with large earthquakes (M>5.0). The EGFs are recovered as 
time derivatives of the stacked cross-correlations, which are primarily Rayleigh waves with the 
periods of 5-150 s (Figure 4.3). We noted that the EGFs of OBS receiver pairs produce high 
quality surface waves of up to 25-50 s periods. This is up to 35-75 s for OBS-Land station pairs. 
The EGFs of land station pairs produced high-quality Rayleigh wave signals at all periods (e.g., 
5-150 s).  
 
4.4.2 Finite-difference wave simulation and phase delay measurements 
We used a nonstaggered-grid, finite-difference method to simulate wave propagation in 
the 3D spherical earth structure [e.g., Zhang et al., 2012]. A 2°x2° global upper-mantle shear-
wave velocity model by Shapiro and Ritzwoller [2002] is chosen as our initial reference model. 
The depth range of this model is from the surface down to 400 km, with a depth spacing of 4 km. 
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P wave velocity is obtained from shear wave velocity using a Vp/Vs ratio of 1.74 in the crust 
[Brocher, 2005] and the depth-dependent relationship of Vp and Vs of AK135 in the upper 
mantle [Kennett et al., 1995]. Density is calculated as a function of Vp [Christensen and Mooney, 
1995]. The horizontal grid spacing is set to be 2.75 km, and the vertical grid spacing is depth 
dependent, ~ 0.9 km near the surface and 3.3 km at 100 km depth. Such a model configuration is 
sufficient to accurately simulate wave propagation at periods greater than 5 s. To maintain the 
numerical stability of wave simulations, we use a time step of 0.14 s and run a total of 5000 time 
steps (that is, 700 s wave propagation time in terms of the longest distance between two stations). 
To calculate the synthetic Green’s functions, we use a Gaussian pulse with a half width of 3 s as 
the source-time function for numerical stability purposes. We then calculate the synthetic Green’s 
functions from each virtual source to all the other receivers.  
 
Prior to comparing the EGFs with synthetics, we split the EGFs into positive and 
negative time lags and convolve the EGFs with the source-time function to account for the finite-
frequency nature and initial time shift of the synthetic waveforms in wave simulation. To ensure 
high quality signals, the minimum signal-to-noise ratio (SNR) of EGFs is set as 3.0 and the 
minimum cross-correlation coefficient between the EGFs and synthetics is set as 0.5 for all 
station pairs. Here the signal is defined as the maximum amplitude of the signal within the 
specified time window (defined by approximate wave group velocity) and the noise is referred to 
as the maximum standard error of the mean of the monthly EGF within the same window. We 
then cross-correlate the EGFs with synthetics at multiple overlapped period bands, ranging from 
5-10 s, 7.5-15 s, 10-25 s, 15-35 s, 25-50 s, 35-75 s, 50-100 s, to 75-150 s. The number of 
measured phase delays varies from a few hundreds to a few thousands within different period 
bands. The corresponding ray path coverage maps between OBS-OBS, OBS-land, and land-land 
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station pairs show that integration of offshore and onshore stations greatly increases the coverage 
within our study region (Figure 4.4). 
 
4.4.3 Calculation of sensitivity kernels and tomographic inversion 
The sensitivity kernels are calculated with the strain-Green-tensor based, scattering-
integral method [see examples in Figure 4.5; Zhao et al., 2005; Chen et al., 2007; Zhang et al., 
2007].  As shown, the effect of P-wave velocity perturbation on Rayleigh waves is stronger at 
shallow depths (that is, the top 15 km) compared to that of S-wave for all the periods. The surface 
waves are more sensitive to deep structures at longer periods and shallow structures at shorter 
periods. The phase travel time delay is the volume integration of the product of the sensitivity 
kernels and the velocity perturbations [Gao and Shen, 2014]. The Rayleigh-wave phase delay 
time is thus solved using a joint Vp and Vs inverse problem with damping and smoothness 
constraints [Gao and Shen, 2014]. We choose the best-fit smoothing and damping parameters 
from the tradeoff of the normalized chi-squared value and the model variance [Gao and Shen, 
2012]. The velocity model is then progressively updated after each iteration. In total we run 3 
iterations to obtain our final shear-wave velocity model. The phase delays between the observed 
and synthetic data as a function of inter-station distance are centered around zero and less 
scattered (Figure 4.6). The improved velocity model demonstrates much stronger and sharper 
velocity variations compared to the initial reference model (Figure 4.7).   
 
4.5. Results 
We perform checkerboard resolution test to validate the accuracy of our preferred shear 
wave velocity model and to identify resolvable horizontal dimensions in the model.  The cell 
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sizes vary from 50 km, 100 km, and 200 km with a maximum ±10% velocity perturbation (Figure 
4.8). The resolution test shows the pattern and magnitude of the input velocities have been well 
recovered at depth for 6-100 km for the horizontal cell size 100 km or greater within our study 
region. Moreover, at a depth of 100-150 km, we observe that the input velocities with 200 km 
horizontal cell size can also be well recovered. The resolvable depth for offshore portion of the 
South Island is limited down to ~75 km. This is mainly due to reduced ray path coverage at 
longer periods used in this analysis (Figure 4.3).  
 
Our tomographic images cover both onshore and offshore regions around North and 
South Island of New Zealand (Figures 4.9-4.21). The large stresses acting on each plate during 
plate reconstructions and two different types of present-day plate movements (e.g., convergent 
and transform plate movement) yield different velocity structures beneath each region. Hence, 
first we summarize observed local velocity features beneath the North and South Islands 
separately and then, we recap the larger scale seismic features in next three sections.  
 
4.5.1 Velocity structures beneath the onshore/offshore North Island of New Zealand      
We observe few distinct seismic features beneath the onshore and the offshore part of the 
North Island. First, we note strong low velocity features (Vs ≤3 km/s) beneath the Egmont and 
Taupo volcanic field, which are 16% lower than the seismic velocity of the surrounding, 
extending from uppermost crust down to ~25 km (see Figure 4.9 for locations labeled with letters 
A, and B). Low velocity features (Vs ≤3.3 km/s) with 10% lower than surrounding velocity, are 
also observed beneath the Auckland, Whangarei, and Kaikohe volcanic fields that extend down to 
~ 25 km (locations labeled ‘C’ on Figure 4.9 and cross section in figure 4.14). Secondly, we 
image high velocity feature (Vs > 4 km/s) beneath the Ruapehu volcano that extends down to ~15 
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km (locations labeled ‘D’ on see Figure 4.9). The length and width of this high velocity segment 
is about 100 km and 60 km, respectively. Thirdly, we observe strong low velocity anomalies 
along the east coast of North Island, which are located adjacent to the coupled portion of the 
subduction interface and also within the area where we observe slow slip events (see Figure 4.9 
for locations labeled with letters E). These anomalies are located atop the subducting Pacific slab 
and extend both along strike and down dip of the interface (locations labeled ‘E’ on Figure 4.15).  
 
Fourthly, we detect low velocity anomalies (Vs <3.3 km/s) within the subducting plate at 
depths shallower than ~50 km (locations labeled ‘N’ on Figure 4.10 and cross section 4.15). The 
width toward the down dip direction of those anomalies varies up to ~100 km. Interestingly, we 
note that the observed microseismic events are co-located within the wide low velocity features. 
Fifth, we image low velocity features (Vs < 4.2 km/s) at depths > 50 km within and above the 
down-going slab interface; these features spread towards the shallower depths (locations labeled 
‘O’ on Figures 4.10-4.13 and cross section 4.15). The width of these features varies up to ~200 
km. Sixth, we detect a slow (Vs ~3 km/s) to fast (Vs ~3.8 km/s) to slow (Vs ~3 km/s) velocity 
feature (Figure 4.16) within the area where previously a microseismicity gap (e.g., Yarse et al., 
2019) was observed. Interestingly, most microseismicities are located within the low velocity 
regions. Seventh, a fast (Vs>4.6 km/s) to slow (Vs<4.4 km/s) velocity anomaly are observed at 
depth > 90 km within the downgoing slab (locations labeled ‘P’ on Figure 4.17). This velocity 
transition is clearly visible beneath Wellington and Wairarapa regions. 
 
We note segmented fast velocity features (Vs > 4.8 km/s) right beneath the Moho within 
western/northwestern part of the onshore and offshore North Island (Figures 4.15 and 4.17). The 
length and width of these features vary up to a few hundreds of kilometers. Ninth, we observe a 
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strong low velocity feature (Vs < 3.8km/s) within the upper mantle wedge (Figure 4.14). Finally, 
we image clear velocity transitions from lower crust to uppermost mantle (Moho transition zone) 
beneath the Australian plate (Figure 4.14, 4.15 and 4.17) with local variations that were not 
observed by Salmon et al., [2013]. We observe that the thickness of the overriding Australian slab 
crust decreases toward the east and west from central mainland with an average thickness of ~15-
20 km beneath the offshore regions. However, the crustal thickness increases along strike 
direction up to ~40 km toward the South Island (see Figure 4.18). Interestingly, we were able to 
observe a thick crust (thickness up to ~ 50 km) beneath the ‘Northland’ region (see Figure 4.14).       
 
4.5.2 Velocity structures beneath the onshore/offshore South Island of New Zealand      
Our seismic tomography imaging demonstrates many regional-and-local scale seismic 
features beneath the onshore and offshore regions in the South Island. First, we observed a strong 
low velocity feature (Vs< 3 km/s) beneath the Bounty Trough, which extends down to ~ 15 km 
depth (locations labeled ‘F’ on Figure 4.9). We note that this feature lengthens towards the 
coastline of Canterbury Bight. The length and width of this low velocity segment is about ~200 
km and 450 km, respectively. Second, we image another low velocity feature (Vs<3.2 km/s) near 
offshore Kaikoura (locations labeled ‘G’ on Figure 4.9). This low velocity patch extends down to 
~ 20 km and possesses approximately 100 km length and width. Third, we observe that the 
average shear wave velocity at offshore east of South Island is ~8% slower than the offshore west 
of South Island. This velocity contrast is visible up to ~ 15 km depth (Figure 4.9a-4.9c). Forth, we 
were able to observe a strong high velocity feature beneath Otago region in South Island within 
upper 15 km depth range (locations labeled ‘H’ on Figure 4.9). The length and width of this 




We observe three strong low velocity features within northern and central part of the 
South Island that extend from ~20 km down to ~40 km (Figures 4.9d, 4.10e and 4.10f). Two of 
these are located beneath the Marlboro fault systems and above the subducting Pacific slab 
(locations labeled ‘I’ on Figure 4.9d). The other feature is located beneath the central portion of 
the Canterbury region (locations labeled ‘J’ on Figure 4.10e). Sixth, we image relatively low 
velocities beneath the onshore region compared to offshore portions at depth ranging from ~20 
km to ~30 km (see Figure 4.9d and 4.10e). The velocity of the onshore region is 10% slower than 
surrounding offshore regions. Seventh, we observe low velocity features beneath the Fiordland 
region down to ~65 km (locations labeled ‘K’ on Figure 4.11i). The velocity of this feature is < 
4.2 km/s and the low anomaly is parallel to the Alpine fault. Moreover, the western edge of this 
anomaly borders the Alpine fault.  
 
We also observe a strong low velocity feature (Vs< 4 km/s) along the coast of Canterbury 
bay area within 75-100 km depth range (locations labeled ‘L’ on Figure 4.11k). This low velocity 
anomaly extends from the Christchurch area to the Dunedin region. Ninth, we note strong-
segmented high velocity features beneath the South Island at a depth range of ~45 km to ~100 km 
(locations labeled ‘M’ on Figure 4.11l).  The lengths and widths of these features are about ~200 
km and ~100 km, respectively. Tenth, we observe strong northwestward-dipping slab like feature 
along the transform fault margin with ~45° dip angle (see Figure 4.19).  The thickness of the 
down going slab is within a range of ~50-80 km. Eleventh, we observe a nearly vertical fast 
velocity anomaly (down going slab) down to ~100 km beneath the Fiorland area and within 100-
150 km depth range. This high velocity anomaly tilts towards the Pacific slabs (see Figure 4.20). 
Moreover, we note strong fast velocity anomalies (slab like feature) within 20-100 km depth 
range, which bridges from top of the tilted anomaly towards east (see Figure 4.20). Furthermore, 
we observe a low velocity feature within the mantle wedge corner where the slab like feature 
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meets the down going slab (see Figure 4.20). Finally, we observe that the thickness of the 
Australian slab crust increases toward the Alpine fault with the thickness varying from ~10-25 
km. The thickness of the Pacific crust varies from ~20 km to ~40 km from offshore towards the 
mainland. Moreover, we note that the thick crust beneath the Fiordland varies down to ~ 65 km 
depth. Furthermore, we observe the crustal thickness increases from ~10 km to ~45 km from 
south towards the northern edge of South Island (see Figure 4.21).      
 
4.5.3 Velocity structures beneath the entire New Zealand      
The profiles along the Northeast/Southwest of New Zealand reveal a few new features. 
First, we observe a slab like feature that shallows towards South Island and appears segmented 
beneath the South Island (see Figure 4.21). Second, crustal thickness increases from North Island 
towards the central part of the South Island and thickness decreases towards the southern part of 
the South Island (see Figure 4.21). Finally, we observe segmented high velocity features beneath 
New Zealand at depths up to ~100 km beneath the South Island and at depths down to > 150 km 
beneath the North Island (see Figure 4.21).    
 
4.6. Discussion   
4.6.1 Velocity structures beneath the onshore/offshore North Island of New Zealand 
Our tomographic results demonstrate anomalously low velocities (Vs ≤3 km/s) beneath 
the Egmont volcano and Taupo volcanic field, extending from the uppermost crust down to ~25 
km (see Figure 4.9 for locations labeled with letters A, and B). However, A 3-D P-wave velocity 
(Vp), the ratio of P- to S-wave velocity (Vp/Vs) and the P-wave quality factor (Qp) models for 
the crust beneath the Egmont volcanic region by Sherburn et al. [2006] shows that there was no 
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magma reservoir within the upper 16 km of the crust. Moreover, Sherburn et al. [2006] further 
claimed that the Egmont volcano sat in the large sedimentary basin (6 km average sediment 
thickness), which was characterized by low Vp (4 km/s) and high Vp/Vs (≥1.9), attributed to 
unconsolidated, water-saturated sediments that are underlain by basement rocks in the region. A 
3-D seismic velocity model derived based on earthquake data by Eberhart-Phillips et al. [2010] 
also showed that P-wave velocity beneath the Egmont and Taupo volcanic region at 15 km depth 
may vary within 5.5-6.0 km/s with Vp/Vs ratio 1.75-1.8. Furthermore, seismic wide-angle 
reflection and refraction data (e.g., Stern and Benson, 2011) beneath the Taupo volcanic zone 
revealed partial melt at a depth greater than ~32 km. However, the low velocity beneath the 
Taupo volcanic zone at depths shallower than ~15 km had been previously observed by Behr et 
al. [2011] with the use of ambient noise data that they interpreted as an indicator of melt. Our 
observation of the strong low velocity anomalies beneath the Egmont volcano and Taupo 
volcanic field are spatially correlated with the locations where possibly subducting slab carries 
hydrated fluid rich sediments and subducting slab gets dehydrated, which suggests the presence 
of metasediments and/or melts/fluids [Bibby et al., 1995; Wilson et al., 1995; Heise et al., 2010; 
Behr et al., 2011]. 
 
The shear wave velocity structure beneath the Northland Peninsula has been previously 
studied (e.g., Behr et al., 2010; Ensing et al., 2017; Horspool et al., 2006), and imaged mid crustal 
low velocity anomalies, which had been interpreted as a body of partial melts that possibly 
derived in the upper mantle. Our profiles along the Northland Peninsula demonstrate that low 
shear wave velocity features beneath the Auckland, Whangarei, and Kaikohe volcanic fields 
(locations labeled ‘C’ on Figure 4.9 and cross section in figure 4.14) and the location of the low 
velocity patches are consistent with previous studies. Furthermore, we observe low velocity 
anomalies within the upper mantle beneath the Northland Peninsula and above the subducting 
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Pacific slab that suggests fluids or partial melts could feed the Auckland, Whangarei, and 
Kaikohe volcanic fields.   
 
The 3-D electrical resistivity image beneath the Taupo volcanic field by Heise et al. 
[2010] reveals high resistivity fragments within the upper 10 km. Bannister et al. 2015 observe 
small, thin, higher Vp bodies (Vp > 6 km/s) at depths between 5 and 7 km beneath the Central 
Taupo volcanic zone that can be interpreted as solidified melts. Our shear wave velocity results 
beneath the Ruapehu volcano revealed a high velocity anomaly within the upper curst (locations 
labeled ‘D’ on Figure 4.9) that is consistent with other studies. This may possibly represent 
solidified plutonic materials (e.g., Wilson et al., 2006).   
 
The shear wave velocity results beneath the east coast of North Island reveal strong low 
velocity anomalies atop of the subducting Hikurangi slab (locations labeled ‘E’ on Figure 4.9 and 
cross section in figure 4.14) that were located adjacent to the coupled portion of the slab interface 
and also within the area where we observed slow slip events [Wallace et al., 2009a; Wallace & 
Beavan, 2010]. Moreover, we observe low velocity features within the subducting Pacific slab 
crust and upper mantle (see Figure 4.10 and locations labeled ‘N’ on cross section 4.15). 
Interestingly, we note that the observed microseismic events are also located within these low 
velocity features. Similar observations were made within the subducting slab in Cascadia 
[Rathnayaka & Gao, 2017] and New Zealand [Eberhart-Phillips et al., 2013] where the low 
anomalies were interpreted to represented accumulation of fluids released as a result of 
reactivation of bending related faulting. Wallace & Beavan [2010] have shown that the initiation 
of slow slip events in conditionally stable frictional regime (in the transition zone between 
aseismic slip and stick slip behavior on the surface) may be related to high fluid pressure. 
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Moreover, low velocity above the subducting slab is previously observed and interpreted as fluids 
rich sediment terrains (e.g., Lin et al., 2007; Eberhart-Phillips et al., 2010). Based on these 
observations, we propose that the low-velocity features along the east coast of North Island may 
be formed due to accumulation of fluid rich sediments and that the high pore fluid pressure 
developed at the plate interface may trigger observed slow slip events.   
 
The shear wave velocity profiles across the North Island are delineated low velocity 
anomalies within and above the downgoing slab interface at deeper depth. Furthermore, we noted 
that some of the low anomalies extend towards the Australian lower crust (see Figures 4.10-4.13 
and locations labeled ‘O’ on cross section 4.15). Interestingly, we note location of some deep 
microseismic within these deep low velocity features. The events within the slab may occur 
where high fluid pressure had built up or migrated, and the earthquake fracture zones serve to 
transfer water through the slab [Eberhart-Phillips et al., 2013]. The 2D petrological-thermo-
mechanical model by Faccenda et al. [2012] images free fluids that were released from a slab at a 
greater depth (100-200 km), rose towards the shallower depth and then hydrated the upper mantle 
of the overriding plate. Based on all above inferences, we suggest that the observed low velocity 
anomalies beneath the lower crust of the Australian slab may represent accumulation of fluids 
that were released from deeper portions of the slab due to bending related faulting. 
 
Yarce et al. [2019] have shown that seismicity at the Northern Hikurangi margin 
concentrates within two NE-SW bands, leaving a gap between them, where the eastern side of the 
gap borders the downdip edge of a slow slip patch. The results of this study along the same 
profile reveal two low velocity anomalies within the area where microseismicity is clustered and 
relatively faster anomaly between them where Yarce et al. [2019] observed microseismicity gap 
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(Figure 4.16). The coincidence of low velocity anomaly and observed microseismicity within the 
subducting slab may reveal accumulation of fluids that released due to reactivation of bending 
related faulting. Interestingly, the low velocity feature near the eastern side of the gap is located 
right beneath the slab interface revealing lack of fluid contact with the upper plate. This 
observation may suggest that this site may be favorable location for the development of high pore 
fluid pressure, which trigger slow slip events.  
 
Fast to slow velocity transition is observed within the down going Pacific slab at depths 
greater than 90 km beneath the Wellington and Wairarapa regions (locations labeled ‘P’ on 
Figure 4.17). This velocity transition may relate to lithospheric asthenospheric boundary as 
imaged by seismic reflection studies (e.g., Stern et al., 2015).  The low velocity feature beneath 
this transitional boundary may represent sheared zone of ponded partial melts or volatiles that 
decouple plates from mantle flow beneath and allows plates to move [Stern et al., 2015]. 
Interestingly, we imaged segmented fast velocity anomalies beneath both forearc and backarc 
within the uppermost Australian mantle (see Figures 4.15 and 4.17). We suggest that the 
formation of these large segmented features results from collision and extensions had occurred 
during initiation of tectonic margin across the New Zealand (e.g., Eberhart-Phillips et al., 
2013,2018).    
 
The strong slow shear wave velocity anomalies are imaged within upper mantle wedge 
beneath the North Island (see Figure 4.14). Eberhart-Phillips et al. [2013] observed high P-wave 
attenuation within the North Island mantle wedge. The low velocity feature detected here may 
represent serpentinization within the upper mantle wedge that developed as a result of fluids, 
which are released from subducting Pacific slab [Eberhart-Phillips et al., 2013]. In addition, our 
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seismic image elucidated clear velocity transitions from lower crust to upper mantle of Australian 
plate with local variations that hadn’t been observed by Salmon et al., [2013] due to limited active 
and passive seismic data around New Zealand in that study.  
 
4.6.2 Velocity structures beneath the onshore/offshore South Island of New Zealand 
Tomographic images beneath the offshore portion of the east coast of South Island reveal 
a strong low velocity anomaly, which extends down to ~15 km beneath the Bounty Trough 
(locations labeled ‘F’ on Figure 4.9). The formation of this Trough is believed to be as a result of 
a late Cretaceous failed rift system that was filled with sediments coming from surrounding 
hinterlands, since Cretaceous [Carter et al., 1994]; the sediments may have lowered the shear 
wave velocities at shallower depths [Yeck et al., 2017]. These low velocities edge into 
Canterbury plains are likely due to the presence of young sedimentary and volcanic rocks [e.g., 
Lin et al., 2007]. We observe similar small-scale low velocity anomalies near offshore Kaikoura 
that extends down to ~20 km depth (locations labeled ‘G’ on Figure 4.9). This low velocity patch 
is located beneath the Trough, which is bounded by South Island and Chatham Rise. We 
interpreted the low velocity patch also as an accumulation of fluid rich thick sediments that wash 
away from surrounding hinterlands. Moreover, our observation of a velocity contrast at shallower 
depth between offshore west and east of South Island (see Figure 4.9a-4.9c) reveals sharp 
structural changes across the South Island from offshore west to east, which may provide passage 
to accommodate thick sediments. Interestingly, we observe a high velocity anomaly beneath 
Otago region in the South Island within the upper 15 km depth range (locations labeled ‘H’ on 
Figure 4.9), which we interpreted as a piece of Haast Schist terrene [Eberhart-Phillips et al., 




Tomographic images at depths of ~20-40 km beneath the northern and central part of the 
South Island reveal three strong low velocity patches (see Figures 4.9d, 4.10e and 4.10f). We note 
that two of them (one located in the Murchison bay area) are located above the subducting Pacific 
slab and beneath the Marlboro fault systems (locations labeled ‘I’ on Figure 4.9d). This suggests 
that those two low velocity anomalies formed as a result of accumulation of fluids that were 
released from subducting Pacific slab [Wannamaker et al., 2009]. This observation is also 
consistent with observed variation of slip rates along the Marlboro fault systems, which may be 
due variable degrees of elevated pore fluids pressure beneath the faults [Zinke et al., 2019]. The 
other low velocity anomaly is located beneath the central portion of the Canterbury region 
(locations labeled ‘J’ on Figure 4.10e). This low velocity feature may delineate accumulation of 
free fluids, which were produced as a result of prograde metamorphism in the deep crust of the 
South Island [Wannamaker et al., 2002]. In addition, our results revealed 10% slower velocities 
onshore compared with offshore at depths within 20-30 km (see Figure 4.9d and 4.10e). This 
observation suggests that the thicker crust beneath the onshore compared with the offshore 
region, which slower the velocities may consistent with observed Moho variation from west to 
east across the South Island [Salmon et al., 2013].   
 
The seismic imaging shows a low velocity feature beneath the Fiordland region that 
extends down to ~65 km (locations labeled ‘K’ on Figure 4.11i). This feature may indicate 
thicker crustal root of Southern Alps beneath Fiordland region, which has been previously 
observed and imaged down to 45-50 km [Wilson & Eberhart-Phillips, 1998; Spasojevic & 
Clayton, 2008; Eberhart-Phillips et al., 2018]. The western edge of the low velocity anomaly 
borders the Alpine fault and a sharp velocity transition across the fault at depths down to ~65 km 
may indicate plate margin between Australian and Pacific tectonic plate [Ball et al., 2016]. In 
addition, tomographic results reveal a strong low velocity anomaly along the coast of Canterbury 
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bay area at depths between 75-100 km (locations labeled ‘L’ on Figure 4.11k), which we interpret 
as an asthenospheric upwelling [Ball et al., 2016] that extends beneath Christchurch to Dunedin 
region.  
 
Strong segmented high velocity anomalies are observed beneath the South Island at the 
depth range of ~45-100 km (locations labeled ‘M’ on Figure 4.11l). These anomalies indicate 
segmented Hikurangi plateau as a result of higher stretching rate with wide tectonic deformation 
that had occurred during the initiation of tectonic margin across the New Zealand (e.g., Eberhart-
Phillips et al., 2013,2018). In addition, tomographic imaging delineates strong northwestward-
dipping slab anomaly at central South Island (see Figure 4.19), which we interpret as Pacific slab 
dipping towards the Australian plate, which hasn’t been observed in previous studies (e.g., Ball et 
al. [2016]; Hua et al., 2018). Interestingly, we observe nearly vertical fast velocity anomaly 
(down going slab) down to ~100 km beneath the Fiorland area (see Figure 4.20) that we interpret 
as a down-going Australian slab [Klepeis et al., 2019]. The tilting of fast velocity feature towards 
the Pacific slab at depth within 100-150 km may explain the proposed deep slab collision during 
Miocene subduction that had caused an uplift along the crustal scale reverse faults in Fiordland 
[Klepeis et al., 2019]. Moreover, our observation of a slab like feature that spans from the top of 
the tilted anomaly towards east (Figure 4.20) may reveal subducted Hikurangi plateau [Klepeis et 
al., 2019]. Furthermore, the observed low velocity feature within the mantle wedge corner (Figure 
4.20) may indicate hydrated and serpentinized wedge that developed as a result of fluids released 
from the subducting Australian slab [Klepeis et al., 2019]. In addition, the seismic image 
elucidates clear velocity transitions from the lower crust to the upper mantle of the Australian 
plate and the Pacific plate with local variations (see Figure 4.21) that hadn’t been observed by 
Salmon et al., [2013] due to the limited active and passive seismic data around the New Zealand 




4.6.3 Velocity structures beneath the entire New Zealand      
Our shear wave velocity profile that crosses the North and South Islands of New Zealand 
(Figure 4.21) reveals slab like features that deepen beneath the North Island and become 
segmented and shallower towards the South Island. We interpret this feature as Hikurangi plateau 
[Eberhart-Phillips et al., 2018; Klepeis et al., 2019] that was exposed at the shallow level (~50-
100 km depth) beneath South Island due to a buoyancy force as a result of asthenospheric 
upwelling at ~ 100 km depth [Ball et al., 2016]. In addition, our results elucidate relatively thin 
crust (see Figure 4.21) beneath the area where one plate descends beneath the other (e.g., North 
Island and southern part of the South Island). The crustal thinning due to high crustal stretch 
associated with convergent margin may explain our observed crustal thickness variations. 
Moreover, the new seismic imaging here shows relatively deep-segmented high velocity 
anomalies beneath the entire New Zealand (see Figure 4.21), which we interpret as a Hikurangi 
plateau. We suggest formation of these large segmented features as a result of higher stretching 
rate with wide tectonic deformation that had been occurring since the initiation of tectonic margin 
across the New Zealand (e.g., Eberhart-Phillips et al., 2013,2018). The horizontally extended 
limit of that plateau feature beneath North and South Island is roughly consistent with Eberhart-
Phillips et al. 2018.      
 
4.7. Conclusions 
In this study we construct a regional scale 3-D shear wave velocity model for both 
onshore and offshore of the New Zealand using full-wave ambient noise tomography to 
investigate the seismic signatures related to the deformation and (de)hydration of the downgoing 
slabs, deformation of the plates due to past and present transform faults movements, as well as the 
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seismic/tsunami/volcanic hazards. Our tomographic results delineate a few distinct features, 
including (1) Low shear wave velocities beneath the volcanic fields indicating shallow magma 
reservoirs, (2) Seismic lows atop the plate interface beneath the North Island forearc, indicating 
that fluid-rich sediments subducted and overthrusted at the accretionary wedge, (3) Low shear 
wave velocities within and above the subducted Pacific oceanic crust, beneath Marlboro fault 
zone, and beneath the Murchison basin area, indicating dehydration of the Pacific slab, (4) High 
shear wave velocity patches at the depths of 35-100 km beneath South Island, indicating the 
Pacific slab being segmented, and (5) Relatively low shear wave velocities at 100-200 km depths 
beneath South Island, indicating possible asthenospheric upwelling.  
 
The spatially consistent with most of our low velocity zones with observed slow slip 
events beneath the east coast of North Island suggests that these events may have resulted from 
high pore fluid pressure that developed at or beneath the plate interface. We suggest these sites 
may be best places to trigger large earthquakes with some tsunamis in future. Moreover, the low-
velocity features beneath Egmont, Taupo, Bay of Island, Whangarei, and Auckland volcanic 
fields indicate metasediments and accumulation of fluids/melts that may create future potential 
for volcanic hazards on the North Island of New Zealand. The new features are imaged in our 
model provides new constraints on our understanding of plate deformation, (de)hydration, slab 






Figure 4.1. Schematic of Hikurangi Plateau (HP) impact with the Gondwana margin (Reyners et 
al., 2017). GM-Gondwana margin, EOT-Osbourn Trough spreding, TKSZ-Tonga-Kermadec 
subduction zone, EB-Emerald Basin, PuT- Puysegur Trench. The red lines in figure c and d 
represent Alpine fault. The blue line represents Marlborough fault systems. See Eberhart-Phillips 






Figure 4.2. Distribution of offshore and onshore seismic stations used in this study. The depth 
contours of the plate interface from 20 to 200 km (gray lines on North Island) are from the model 
of Williams et al. [2013]. The depth contours of the plate interface from 20 to 140 km (white lines 
on South Island) are from the model of Hayes, [2018]. AF, Alpine Fault; BT, Bounty Trough; CP, 




Figure 4.3. Examples of empirical Green’s functions derived from ambient noise data. (a and b) 




Figure 4.4. Ray path coverage map for OBS-OBS, OBS-land, land-land, and all station pairs. The 




Figure 4.5. Sensitivity kernels of Rayleigh waves at periods of 25-50 s between IU.SNZO and 




Figure 4.6. Comparison of phase delays between observed and synthetic waveforms from the 
initial reference model (black) and our preferred model (red). (a-c) Phase delay as a function of 
interstation distance at periods of 50-100 s, 25-50 s, and 10-25 s, respectively. (d-f) 




Figure 4.7. Comparison of the initial reference model (left column) and our preferred model (right 





Figure 4.8. Three-dimensional checkerboard resolution tests. (First column) Input model with a 
10% velocity perturbation. The horizontal dimension of the input checkerboard cell is 50 km (top 
row), 100 km (middle row), and 200 km (bottom row), respectively. (Other columns) Recovered 





Figure 4.9. Shear wave velocity distribution at 6-22 km depths. The shaded regions outline the 
area with poor resolution. Green triangles outline the locations of volcanic fields. Green polygon 
outlines the locations of shallow ‘slow slip events’ observed by Wallace and Beavan (2010). 
White outline represents the locked portion of the slab observed by Wallace and Beavan (2010), 
which vary from 6-30 km from north to south along the strike of the slab. Letters A to I represents 




Figure 4.10. Shear wave velocity distribution at 30-57 km depths. The shaded regions outline the 
area with poor resolution. Green triangles outline the locations of volcanic fields. Green polygon 
outlines the locations of deep ‘slow slip events’ observed by Wallace and Beavan (2010). White 
outline represents the locked portion of the slab observed by Wallace and Beavan (2010), which 
vary from 6-30 km from north to south along the strike of the slab. Letter J represents the features 




Figure 4.11. Shear wave velocity distribution at 66-94 km depths. The shaded regions outline the 
area with poor resolution. Green triangles outline the locations of volcanic fields. Letters K-M 




Figure 4.12. Shear wave velocity distribution at 104-134 km depths. The shaded regions outline 
the area with poor resolution. Green triangles outline the locations of volcanic fields. See 




Figure 4.13. Shear wave velocity distribution at 145-155 km depths. The shaded regions outline 
the area with poor resolution. Green triangles outline the locations of volcanic fields. See 
description in Figure 4.2 for other symbols. 
 
Figure 4.14. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
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black solid line represents bathymetry/topography. The gray circles are earthquakes obtained 




Figure 4.15. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. SSE-slow slip events. Letters E, N, and O 
represents the features that discuss in the text. The gray circles are earthquakes obtained from 








Figure 4.16. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. The gray circles are earthquakes obtained 






Figure 4.17. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. SSE-slow slip events. Letters P represent the 







Figure 4.18. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. The gray circles are earthquakes obtained 






Figure 4.19. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. The gray circles are earthquakes obtained 






Figure 4.20. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. The gray circles are earthquakes obtained 







Figure 4.21. Shear wave velocity profile. (a) Location of the profile (Orange line). Red triangles 
outline the locations of volcanic fields. See description in Figure 4.2 for other symbols. The black 
dash lines in the cross section are the slab interface and the Moho (Salmon et al., 2013). The 
black solid line represents bathymetry/topography. The gray circles are earthquakes obtained 
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